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1. Introduction 
  
1.1 General background 
 
   Task 1 of DECOVALEX III was conceived as a Benchmark exercise supported by all 
field and laboratory data generated during the performance of the FEBEX experiment. 
FEBEX acronym stands for “Full-scale Engineered Barrier Experiment for a deep 
geological repository for high-level waste in crystalline rock” The main idea behind the 
FEBEX was to demonstrate the “feasibility of handling and constructing an engineered 
barriers system” following the Spanish reference concept for canister storage in 
horizontal drifts. The main objective was fully satisfied and the full scale experiment 
was built without special difficulties in a rock tunnel excavated in the Aare massif, 
Switzerland, in the premises of the Grimsel rock mechanics laboratory. The test 
installation started in July 1st, 1996, and it was terminated in October 15th, 1996. 
    The test was also designed to study thermo-hydro-mechanical and thermo-hydro-
geochemical processes in the near field. To accomplish these objectives, 632 sensors of 
different types were installed in the clay barrier, the rock mass, the heaters and the 
adjacent service zone. The main variables measured are: temperature, humidity, total 
stress, displacements and water pressures. The instrumentation layout was designed 
following preliminary finite element calculations of the expected behavior of the 
bentonite buffer and surrounding rock. The test has provided a valuable record of data, 
which started by monitoring the rock response against the excavation of the tunnel drift. 
Once the bentonite buffer and the heaters simulating the nuclear canisters were 
emplaced, heating started the 27th of February, 1997. Heating has been maintained for 
several years (1997-2003) and its effect on the barrier performance was recorded by the 
instruments in a practically uninterrupted manner since the start of the test. A parallel 
activity within FEBEX was the performance of a comprehensive set of laboratory tests 
on the compacted Almeria bentonite used, in the form of highly compacted blocks, as an 
engineered barrier around the heaters. Tests of different nature were available 
(identification and mineralogical, hydraulic and thermal tests, mechanical tests with and 
without suction control, etc.). Overall, they provide a fairly comprehensive 
identification of the THM properties of the compacted bentonite. 
    During the planning stage of the DECOVALEX III project, it was agreed that the 
FEBEX tests offered a good opportunity to perform a prediction exercise, which would 
be able to test the capabilities of a number of computational tools available in some 
research teams associated with the performance evaluation of nuclear disposal schemes. 
FEBEX offered hydro-mechanical data on the rock response against the tunnel 
excavation and a more detailed set of data on barrier and near field performance, once 
the expansive buffer was put in place. It was decided to limit the exercise to the data 
recorded during the first 1000 days of operation (after the start of heating). This limited 
period is not a particularly significant drawback, since most of the salient features of the 
transient wetting and heating of the bentonite were well captured by the sensors. The 
data covered in this Task 1 is, however, not sufficient to provide a comprehensive 
evaluation of the full hydration of the barrier, a phenomena that may last several 
decades. 
    The FEBEX Benchmark was designed as a series of three successive blind prediction 
exercises (Parts A, B and C), which cover the behavior of the rock and bentonite barrier. 
They are precisely defined in the Coordinator's Report. The feature to be stressed is the 
blind character of the prediction exercise. Research teams participating in the FEBEX 
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task were given, for each of the three parts, a set of field and laboratory data 
theoretically sufficient to generate a proper model and were asked to submit predictions, 
at given locations and time, for some of the measured variables. 
    Project results were discussed in a number of meetings, which were held at regular 
intervals during the period October 2000 to December 2003. In a typical meeting, the 
coordinator provided details of the next exercise to be addressed by the modeling teams 
and compared the predictions already submitted with the actually recorded field values. 
Then, the different modeling teams described, in detail, their modeling approaches. A 
final general discussion was also a fundamental part of the project meetings. In this 
way, the nature of physical processes operating in the barrier could be better 
understood. The merits and limitations of different modeling approaches could also be 
established. The project can be properly considered as an efficient learning process, 
which benefited the participants. 
    Although the blind character of the exercise was preserved, it was also natural to 
allow for improvements and further elaboration of the initial calculations performed by 
any given modeling team. In practice, this meant that teams had an extended period of 
time available to perform additional calculations, once the actual "solution" was 
disclosed. Final calculations represented the best approximation that a given team could 
provide, always within the general time constraints imposed by the General 
DECOVALEX III Organization. 
    The report prepared distinguishes between blind and final calculations. It was judged 
interesting to maintain the distinction, because a blind prediction provides information 
on the predicted capabilities in practice, whereas the final calculations provide also an 
evaluation of the model capabilities under more relaxed constraints. 
    The coordinator's report provides a definition of the three exercises (A, B and C), in 
which the FEBEX case was divided; includes comparison plots of calculations against 
the real "in situ" data; offers a physical interpretation of the observed behavior, and 
provides an evaluation of the relative merits and limitations of the calculation procedure 
used by the participating teams. Comparing and rating different approaches and research 
teams is never an easy task, but one of the objectives of the exercise was to provide an 
international evaluation of current capabilities of existing models for coupled thermo-
hydro-mechanical analysis of buffer materials and surrounding rock. It is believed that 
this objective was sufficiently covered. The data provided in the report may also help 
the interested readers to extract their own conclusions. 
    The report is completed by the set of Final Reports provided by the modeling teams 
participating in each of the three parts defined. These reports provide the necessary 
details to better understand the nature of the blind or final predictions included in the 
coordinator's report. A common framework was suggested for the preparation of the 
modeling reports. Otherwise, the reports included respect the format provided by the 
authors. 
    The report closes with a set of conclusions, which provides a summary of the main 
findings and highlights the lessons learned. The work developed within Part 1 of 
DECOVALEX III, not only helped to establish the state-of-the-art of thermo-hydro-
mechanical predictive modeling, but contributed also efficiently to improve existing 
models and calculation approaches used by the participants. The aim of the present 
report is to extend these benefits to any interested reader. 
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1.2 Introduction to Task 1: Modelling of FEBEX in- 
      situ test 

 
    The international FEBEX (Full-scale Engineered Barriers Experiment in Crystalline 
Host Rock) project is a project that is co-financed by ENRESA the European 
Commission. It is co-ordinated by ENRESA and it is planned to last from 1994 to 2003. 
The purpose of the project is the study of the various processes occurring in the near 
field of a high activity radioactive waste storage. Specifically, three objectives were 
defined: (1) demonstration of the feasibility of the construction of engineered barriers, 
(2) study of the thermo-hydro-mechanical (THM) processes in the near field and (3) 
study of the thermo-hydro-geochemical (THG) processes in the near field. The FEBEX 
project has three main components, namely: (1) an "in situ" test in natural conditions 
and at real scale, (2) a mock-up test at near-to-real scale and (3) a series of laboratory 
tests to complement the information of the two large scale tests. 
    For the present modelling exercise, the FEBEX "in situ" test has been chosen. This 
test is installed at the Grimsel Test Site, an underground laboratory in Switzerland 
operated by NAGRA. The experiment is based on the Spanish reference concept of deep 
geological storage in crystalline host rock. In this concept, steel canisters containing the 
conditioned waste are placed along the axis of horizontal galleries drilled in a rock 
formation and an engineered barrier is placed in the annular space left between them. 
The engineered barrier is made of high density compacted bentonite blocks that will 
swell due to water input from the host rock, providing thus a very impervious sealing. In 
the FEBEX "in situ" test, waste canisters are replaced by two cylindrical heaters. 
    Due to the detailed geological and hydrogeological characterization of the Grimsel 
Test Site, the comprehensive characterization of the bentonite used to fabricate the 
engineered barrier and the monitoring performed during the drilling of the FEBEX 
tunnel as well as during the test, the FEBEX "in situ" test is well suited to be the object 
of a modelling exercise. In the context of the DECOVALEX III project, the modelling 
exercise will be divided into three parts, namely: 
 
− Part A: Hydro-mechanical modelling of the rock. 

Based on the available geological, hydraulic and mechanical 
characterizations of the Grimsel Test Site as well as on results of hydraulic 
tests performed on boreholes, a hydro-mechanical model for the zone around 
the FEBEX tunnel will be prepared. Using this model, changes in water 
pressure induced by the boring of the FEBEX tunnel as well as the total water 
flow rate to the excavated tunnel will be required. 

− Part B: Thermo-hydro-mechanical analysis of the bentonite behaviour. 
Based on the characterization of the bentonite and on the details of the 
process of test installation, a thermo-hydro-mechanical model for the 
bentonite barrier and the heaters will be prepared. Using this model, the 
thermo-hydro-mechanical response of the bentonite barrier as a result of the 
heat released by the heaters will be required. Besides local field variables 
such as temperature, relative humidity, pore water pressure, stresses and 
displacements, and global variables such as total input power to the heaters 
will also be required. 

− Part C: Thermo-hydro-mechanical analysis of the rock. 
Based on the characterization of the rock massif and on the details of the 
process of test installation and performance, the rock response in the 
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immediate vicinity of the buffer will be required. The rock is now subjected 
to the heat released by heaters and by swelling pressures resulting from 
bentonite hydration. The initial hydrological regime (Part A) is also modified 
by the presence of the impervious barrier. Temperature, stresses, water 
pressures and displacements in selected points of the rock will be required. 
 
 

1.3 Work organization 
 
    Within Task 1 of the DECOVALEX III project, a unique 3-character code and a 
unique coloured symbol is assigned to each team and the co-ordinator (UPC). The 
symbol and code of the co-ordinator are used to identify the experimental data in 
comparison plots, and to identify the results provided by the various teams in 
comparison plots. When possible, a colour (shared by two teams) will be used to 
enhance contrast among curves plotted together. The list with the teams, codes, symbols 
and colours is given in the Table 1.1. The codes have been sorted by alphabetical order 
according to the acronyms used by the Funding Organizations (F.O.). 
 
 
Table 1.1: Codes, symbols and colours assigned to research teams and the coordinator. 
F. O. Modelling team Code Symbol

ANDRA National Agency for Radioactive Waste Management (G3S-EP), France ANG  
ANDRA National Agency for Radioactive Waste Management (LAEGO-EMN), France ANN  
BGR Federal Institute for Geosciences and Natural Resources, Germany BGR  
CNSC Canadian Nuclear Safety Commission, Canada CNS  
US DOE US Department of Energy, USA DOE 

 
IPSN Institute for Protection and Nuclear Safety, France IPS 

 
JNC Japan Nuclear Cycle Development Institute, Japan JNC  
SKB Swedish Nuclear Fuel and Waste Management Co., Sweden SKB  
SKI Swedish Nuclear Power Inspectorate, Sweden SKI  
STUK Radiation and Nuclear Safety Authority, Finland STU  
 Technical University of Catalonia, Spain (co-ordinator) UPC  
 
 
1.4 Content of the report and accompany CD-ROM 

 
    This report contains only the presentation of the Grimsel test site, case definitions and 
result evaluations of Part A, Part B and Part C of Task 1 and concluding remarks. The 
individual reports from different teams are contained in the accompanying CD-ROM for 
details. 
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2. The Grimsel test site  
 
 
2.1  General setting of the Grimsel Test Site 
 
    The Grimsel Test Site is at an elevation of 1730 m above sea level, around 450 m 
beneath the east flank of the Juchlistock mountain in the granitic rocks of the Aare 
Massif in central Switzerland (see Figure 2.1 and Figure 2.2). It is linked with the 
northern Grimsel Pass by a short approach road and a horizontal access tunnel around 
1.2 km long leading to the Test Site itself. Despite the sometimes harsh alpine winter, 
all-year-round operation is guaranteed by the infrastructure of the power station 
company which operates a railway and an aerial cable car when the pass road is closed. 
The Grimsel Test Site is operated by NAGRA, the Swiss agency for nuclear waste 
disposal. 
 
 
2.2  Layout of the Grimsel Test Site 
 
    The Grimsel Test Site is located in a tunnel system which branches off from the main 
access tunnel to the underground power station of the KWO (Kraftwerke Oberhasli 
AG). The GTS tunnel system consists of a laboratory tunnel with a total length of 
almost 1000 m and a central building which houses the whole infrastructure such as 
offices, the ventilation plant, workshops and other installations (Fig. 2.3). The 
laboratory tunnel has a diameter of 3.50 m and was excavated in 1983 in six months 
using a full-face tunnelling machine. The conditions for performing experiments at the 
GTS are particularly favourable because it contains areas of relatively undisturbed 
homogeneous rock as well as water-bearing zones (shear zones, fracture zones and 
lamprophyre dykes). The GTS was divided into individual test caverns and drifts where 
specific experiments are carried out. Figure 2.3 shows the location of the most 
important experiments that have been performed in the Grimsel Test Site, as well as the 
exploratory boreholes and the three 150 m long boreholes for the geophysical test field 
(US). Not shown in these figures are some 120 test-specific boreholes with an overall 
length of over 2000 m. 
 
 
2.3  The FEBEX area 
 
    In order to perform the FEBEX in-situ test, it was decided to excavate a new drift in 
the Underground Seismic (US) test area located in the northern part of the Grimsel Test 
Site. Prior to the FEBEX drift excavation, two pilot boreholes (FEBEX 95.001 and 
FEBEX 95.002) were drilled in the area between boreholes BOUS 85.001 and BOUS 
85.002. Afterwards, the FEBEX drift was excavated between these pilot boreholes. It 
was parallel to FEBEX 95.002. Figure 2.3 shows the location of the FEBEX drift and of 
the aforementioned boreholes in the GTS. From the end of the FEBEX drift, in the in-
situ test zone, 19 boreholes were drilled. Figure 2.4 shows a perspective of the FEBEX 
drift and associated boreholes. 
    This section summarises the chronology of the works carried out in connection with 
the FEBEX in-situ test (indicating where the pertinent information may be found), it 
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gives the geometry and location of the FEBEX drift and associated boreholes and 
provides information about the excavation of the FEBEX drift.   
 
 

 
Figure 2.1: Location of Nagra's underground test facility at the Grimsel Pass in the 
Central Alps (Bernese Alps) of Switzerland (NAGRA). 
 
 

 
Figure 2.2: Grimsel Area (view looking West) (1. Test Site; 2. Juchlistock; 3. Lake 
Räterichsboden; 4. Lake Grimsel; 5. Rhone Valley) (NAGRA). 
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Figure 2.3: Location of tests performed at the Grimsel Test Site during Phase IV (1994-
1996) (Pardillo et al., 1997). 
 
 
 

 
Figure 2.4: Perspective of the FEBEX drift and associated boreholes (Pardillo et al., 
1997) 
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2.3.1  Chronology of relevant works for the FEBEX in-situ test 
 
    The chronology of relevant works carried out in connection with the FEBEX in-situ 
test presented in this section is summarised in Table 2.1. 
    In the Underground Seismic (US) test area, located at the northern part of the Grimsel 
Test Site, three boreholes (BOUS 85.001, BOUS 85.002 and BOUS 85.003) were 
drilled in 1985 to perform seismic and electromagnetic (radar) investigations. 
Particularly relevant for the FEBEX in-situ test are BOUS 85.001 and BOUS 85.002, 
both drilled with a diameter of 101 mm, a length of 150 m and an inclination of 15° 
(downwards from the horizontal). The location and orientation of these boreholes is 
given in section 2.3.2. Geological information may be consulted in Keusen et al. (1985). 
In October 1985, the Swedish Geological Co. conducted a radar reflection survey using 
the three boreholes of the US test area. The combination of radar results and geological 
information allowed to construct a geological model of the site, as explained in Falk et 
al. (1988). 
    In the period 15-19.06.95, Solexperts AG, Schwerzenbach (Switzerland) equipped 
boreholes BOUS 85.002 (on 19.06.95) and BOUS 85.001 (on 16.06.95) with a packer 
system and instrumented them. After four weeks of installation, a small leakage in the 
system was detected in BOUS 85.002. After removal in 03.08.95 of the packer system 
and reparation, it was re-installed in 08.08.95. Details of packer locations and 
instrumentation may be found in Fierz (1996).  
 
 
Table 2.1: Chronology of relevant works for the FEBEX in-situ test. 

Activity Dates References 
BOUS drilling 85 Keusen et al. (1989) 
BOUS geophysics 10.85 Falk et al. (1988);  

Keusen et al. (1989) 
BOUS instrumentation 06.95 Fierz (1996) 
FBX2 drilling 06-07.95 Pardillo et al. (1997) 
FBX2 instrumentation 07.95 Fierz (1996) 
FBX1 drilling 07-08.95 Pardillo et al. (1997) 
FBX1 instrumentation 08.95 Fierz (1996) 
FBX1 and FBX2 geophysics 08.95 Häring (1996) 
BOUS and FBX hydrotesting 08-09.95 Meier et al. (1995) 
FEBEX drift construction 09-11.95 Pardillo et al. (1997) 
Discrete flow measurements 11.95 hidden to participants 
Geological mapping 11.95 Pardillo et al. (1997) 
Second FBX2 hydrotesting 12.95 Guimerà et al. (1998) 
Re-location of FBX2 packers 12.95 Fierz (1996) 
First bulk inflow measurements 01.96 hidden to participants 
Third FBX2 hydrotesting 01.96 Guimerà et al. (1998) 
In-drift boreholes drilling 02-04.96 Pardillo et al. (1997) 
In-drift boreholes packers placing 04.96 Fierz (1996) 
Second bulk flow measurements 05.96 hidden to participants 
In-drift boreholes hydrotesting 05-06.96 Guimerà et al. (1996);  

Guimerà et al. (1998) 
In-drift boreholes instrumentation 06-07.96 Fierz (1996) 
Start of passive head monitoring 07.96 Guimerà et al. (1998) 
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    Borehole  FEBEX 95.002, with a diameter of 86 mm and a length of 132.36 m, was 
drilled during the period 30.06.95 to 24.07.95 with an inclination of 1° (downwards 
from the horizontal). The location and orientation of this borehole is given in section 
2.3.2. Relevant geological and hydrological information, such as the borehole logs may 
be consulted in Pardillo et al. (1997). 
    Borehole FEBEX 95.002 was equipped with a packer system and instrumented on 
26.07.95 by Solexperts AG. The aim of the installation of borehole FEBEX 95.002 was 
to monitor pore water pressures during drilling of the nearby borehole FEBEX 95.001. 
Details of packer locations and instrumentation may be found in Fierz (1996). 
    Borehole FEBEX 95.001, with a diameter of 101 mm and a length of 76.00 m, was 
drilled during the period 26.07.95 to 10.08.95 with an inclination of 1° (downwards 
from the horizontal). The location and orientation of this borehole is given in section 
2.3.2. Geological and hydrological information, such as the borehole logs may be 
consulted in Pardillo et al. (1997). 
    On 18.08.95, borehole FEBEX 95.001 was equipped with a packer system and 
instrumented by Solexperts AG. Details of  packer locations and instrumentation may 
be found in Fierz  (1996). 
    After removing the packer system in 09.08.95, boreholes FFBEX 95.001 and FEBEX 
95.002 were used to perform geophysical investigations. Radar investigations were 
made by K-UTEC, Sondershausen (Germany) in the period 10-11.08.95. Geophysical 
logging was performed by DMT, Bochum (Germany) and EGS (Luxemburg) in the 
period 14-15.08.95. The results of these investigations are detailed in Häring (1996). 
The packer system was reinstalled in 17.08.95. 
    In the period 08-09.95, boreholes BOUS 85.001, BOUS 85.002, FEBEX 95.001 and 
FEBEX 95.002 were used for hydrotesting. Testing included measuring of the natural 
outflow, pressure static recovery, pulse withdrawal or constant rate tests (injection or 
withdrawal) and pressure recovery after constant rate tests. Testing results are detailed 
in Meier et al. (1995). 
    During the period 25.09.95 to 30.10.95, the FEBEX drift was excavated using a 
TBM. The FEBEX drift has a diameter of 2.28 m ± 0.01 and a total length of 71.4 m. 
The location and orientation of this drift is given in section 2.3.2. The excavated length 
of the drift as a function of time is given in section 2.3.3. Geological and 
hydrogeological information, such as the geological mapping of the drift wall may be 
found in Pardillo et al. (1997). 
    Discrete flow measurements were conducted in 11.95 using diapers (cellulose sheets) 
located at various points of the FEBEX drift wall. Flow measurements were obtained by 
dividing the increase of weight of the diapers by the corresponding time. To preserve 
the blind character of the exercise, this information will remain hidden to the 
participants. 
    A geological mapping of the FEBEX drift wall was carried out by CIEMAT in 11.95. 
Pertinent information may be found in Pardillo et al. (1997).  
    A second hydrotesting of borehole FEBEX 95.002 was performed in 12.95. 
Information may be found in Guimerà et al. (1998). 
    In order to get more detailed information in the vicinity of the test zone in the FEBEX 
drift, the packer system was removed on 20.12.95 and reinstalled on 21.12.95. Details 
of the packer locations may be found in Fierz (1996). 
    First bulk inflow measurements were performed in 01.96 using a gauge. To preserve 
the blind character of the exercise, this information will remain hidden to the 
participants. 
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    A third hydrotesting of borehole FEBEX 95.002 was performed in 12.95. Information 
may be found in Guimerà et al. (1998). 
    During the period 12.02.96 to 04.04.96, 19 in-drift boreholes (Ø 66 mm and Ø 146 
mm) with a total length of 233 m were drilled from the test area of the FEBEX drift 
(tunnel meters 50-71 m). Initially, the borehole layout was planned to be strictly radial. 
However, the boreholes were re-oriented in order to intersect the most relevant 
geological features. The location and orientation of these boreholes is given in section 
2.3.2. Geological and hydrological information, including the borehole logs may be 
found in Pardillo et al. (1997). 
    In-drift boreholes were equipped with packer systems by Solexperts AG during the 
period 17-22.04.97. Packer positions may be found in Fierz (1996). 
    Second bulk inflow measurements were performed in 05.96 using a gauge. To 
preserve the blind character of the exercise, this information will remain hidden to the 
participants. 
    Hydrotesting of the in-drift boreholes was carried out in the period 05-06.96. Details 
and results of tests may be found in Guimerà et al. (1996) and Guimerà et al. (1998). 
    After the hydraulic characterization campaign, the packer systems were removed, 
equipped with thermocouples and reinstalled by Solexeperts AG in the period 26.06-
03.07.96. The packer locations were not changed. The packer systems of in-drift 
boreholes SI-1 and SI-2 were removed and not reinstalled. Details may be found in 
Fierz (1996). 
    Finally, passive head monitoring was carried out from 07.96 on. Details and test 
results may be found in Guimerà et al. (1998). 
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3. Part A of Task 1: case definition 
 
    The Grimsel Test Site (GTS) has been the object of a number of investigations related 
to safety emplacement of radioactive waste. Of interest for the Part A of the Task 1 of 
DECOVALEX III project, are the geological, hydraulic and thermo-mechanical 
investigations carried out. The reports that are most pertinent to the present case will be 
made available to the participants. The information contained in these reports should be 
completed by the participant, based on data available in the literature and on his/her 
modelling experience. As a result, a hydro-mechanical model of the rock around the 
FEBEX tunnel should be prepared. This model should be able to predict the changes in 
water pressure induced by the boring of the FEBEX tunnel and the total water discharge 
into the FEBEX tunnel test area. 
 
 
3.1 Geometry of the FEBEX drift and associated  
      boreholes 
 
    The co-ordinate system used in the Grimsel Test Site is the Swiss co-ordinate system. 
In order to define a point, use is made of east, north and height above the sea level. In 
order to define the direction of a line, use is made of the azimuth (angle formed by the 
projection of the line onto the horizontal plane with the north, measured clockwise using 
0-360 degrees) and the inclination (angle formed by the line with the vertical plane, 
measured using 0-360 degrees). Figure 3.1 below helps to clarify the aforementioned 
concepts. 
 

inclination

elevation

N

++

azimuth

N

E

 
 
Figure 3.1: The co-ordinate system used in the Grimsel Test Site.  
 
 
    Figure 2.4 gives an overview the location of the FEBEX drift and associated 
boreholes. Figure 3.2 shows the location of the 19 short in-drift boreholes (7-15 m) 
which were drilled from test area of the FEBEX drift. All boreholes were equipped with 
multipacker systems (Solexperts AG) and water pressures were monitored 
automatically. Details on the instrumentation  can be found in Fierz (1996). 
    Table 3.1 and Table 3.2 define the geometry of the FEBEX drift and of the associated 
boreholes using the Grimsel Test Site co-ordinate system (see Figure 3.1). 
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Figure 3.2: Lay-out of the FEBEX in-drift boreholes. Also shown are boreholes BOUS 
85.002 (BO 85002), FEBEX 95.001 (BO 95001) and FEBEX 95.002 (BO 95002) 
(Guimerà et al., 1998) 
 
 
Table 3.1: Co-ordinates (borehole mouth centre) and specifications of US and FEBEX 
boreholes, using GTS co-ordinates (US 1 = BOUS 85.001, US 2 = BOUS 85.002, FEX 
1 = FEBEX 95.001, FEX 2 = FEBEX 95.002) (ENRESA). 

code east 
(m) 

north 
(m) 

height 
(m) 

azim
(°) 

inclin
(°) 

length 
(m) 

diam
(mm) 

US 1 667500.46 159357.13 1728.11 290.00 75.00 149.83 101
US 2 667481.95 159287.77 1729.34 290.00 75.00 150.27 101
FEX 1 667496.71 159347.56 1730.04 275.40 89.43 76.00 101
FEX 2 667493.49 159338.67 1730.24 258.47 89.43 132.36 86
Tunnel 667491.92 159342.52 1729.34 258.30 90.69 71.41 2280

 
 
3.2  Excavation of the FEBEX drift 
 
    The FEBEX drift was excavated using a TBM. The boring head had a diameter of 
2.27 m. The drift was excavated from 25.09.95 to 30.10.95. The position of the FEBEX 
drift is given in section 2.3.2. Geological and hydrogeological information may be 
found in Pardillo et al. (1997). Table 3.3 shows the excavation status as a function of 
time. 
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Table 3.2: Co-ordinates (borehole-mouth centre) and specifications of in-drift 
boreholes, using GTS co-ordinates (tunnel = FEBEX tunnel meter at which borehole 
starts) (ENRESA). 

code east 
(m) 

north 
(m) 

height 
(m) 

azim
(°) 

inclin
(°) 

length 
(m) 

diam 
(mm) 

tunnel 
(m) 

SK1 667444.86 159333.22 1731.10 259.10 110.00 22.00 66 48.00
SK2 667445.00 159332.45 1728.96 260.90 70.00 20.00 66 48.00
SB12 667439.41 159332.84 1729.83 349.00 79.20 7.00 66 53.40
SB13 667439.59 159331.93 1728.91 348.40 10.10 7.00 66 53.40
SF11 667436.86 159331.16 1731.17 259.00 159.80 15.00 66 56.25
SF12 667429.04 159330.68 1729.73 10.00 75.00 15.00 66 64.00
SF13 667429.95 159329.94 1728.91 53.40 22.50 15.00 66 63.30
SF14 667436.97 159330.06 1729.74 191.80 72.00 15.00 66 56.40
SG1 667431.11 159329.98 1731.17 209.00 179.40 7.00 146 62.10
SG2 667430.87 159331.07 1729.83 348.00 79.20 7.00 146 62.10
SI1 667430.13 159329.77 1731.17 165.20 179.40 7.00 66 63.10
SI2 667429.89 159330.87 1729.83 348.00 80.00 7.00 66 63.10
SF21 667427.66 159329.26 1731.17 15.10 179.30 15.00 66 65.70
SF22 667427.42 159330.36 1729.83 350.00 76.90 15.00 66 65.70
SF23 667427.68 159329.06 1728.91 168.20 10.00 15.00 66 65.70
SF24 667428.51 159328.29 1729.83 170.00 80.00 15.00 66 65.00
SB22 667423.16 159329.48 1729.83 328.60 80.20 7.00 66 70.00
SB23 667423.38 159328.38 1728.89 258.20 19.90 7.00 66 70.00
SJ5 667423.00 159328.30 1729.93 268.20 80.20 15.00 66 70.40
 
 
3.3  Geological characterization  
 
 
3.3.1  Geology of the Grimsel Test Site 
 
    Extensive geological and hydraulic characterizations have been performed at the 
multiple experiments carried out and ongoing at the GTS. Geology of the area is 
documented in Keusen et al. (1989), which provides the general frame of the GTS in the 
context of the Swiss Alps. 
    The GTS is excavated in a rock mass of intrusive nature. Most of this host rock is 
granite and granodiorite, which are affected by several tectonic episodes. Keusen et al. 
(1989) found 12 possible discontinuity systems (see Figure 3.3), from which the 
systems shown in Table 3.4 were selected as those clearly existing. 
    Based on Keusen et al. (1989), and on direct observations, Pardillo et al. (1997) 
suggest the following geological features as relevant for regional groundwater flow: 

 Shear zones S1 and S2, of azimuth 140-150/80-90 
 Fracture zones and lamprophyre dikes, of azimuth 205-220/80 

 
    Shear zones are of considerable thickness at the area (5 to 20 m). At the intersection 
with tunnels, they display major outflows indicating their relevance as preferential flow 
paths. Distribution of hydraulic parameters in the shear zone or whether the hydraulic 
conductivity tensor displays preferential directions is uncertain. Lamprophyre dikes 
have also considerable dimensions (thickness up to several meters), although their 
relevance as preferential flow paths is not so important as shear zones. A preferential 
flow path within these dikes is the contact surface between the lamprophyre and the host 
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Table 3.3: Excavated length (in m) of the FEBEX drift as a function of time (when the 
TBM started (27.09.95), the length of the tunnel was 3.50 m) (Note: the excavated 
lengths marked with * were measured 30 min earlier than the time indicated in the 
table) (ENRESA). 

 25 sep 26 sep 27 sep 28 sep 29 sep 02 oct 03 oct 04 oct 05 oct 06 oct 
07:00   3.50 6.00 6.00 6.50 7.50 8.50 9.50 12.50 
08:00   3.50 8.00 9.50  
09:00   3.50 8.50 10.00  
10:00   4.00 6.00 8.50 10.50  
11:00   4.40 6.50 8.50 11.00 12.50 
12:00   4.90 11.50 13.00 
13:00   4.90 6.50 11.50 13.00 
14:00   5.30 6.50 8.50 12.00 13.50 
15:00   5.70 7.00 8.50 12.50  
16:00   6.00 7.00 9.00 12.50  
17:00   6.00 7.50 9.00 12.50  
18:00 1.50 3.50 6.00 6.00 6.50 7.50 8.50 9.50 12.50 13.50 

           
 09 oct 10 oct 11 oct 12 oct 13 oct 16 oct 17 oct 18 oct 19 oct 20 oct 

07:00 13.50 16.50 16.50 20.90 26.50 26.50 31.70 36.00 40.50 43.65 
08:00 14.00  16.90 21.30 26.90 31.70 36.00  43.65 
09:00 15.00  17.30 22.10 27.30 31.70 36.00  44.55 
10:00 15.00  17.70 22.50 27.70 32.50 36.90  45.00 
11:00 15.00  18.10 23.30 28.50 32.90 37.35 40.50 45.45 
12:00 16.00  18.50 24.10 29.30 33.30 37.80 40.95 45.90 
13:00 16.00  18.50 24.10 29.30 33.30 37.80 41.40 45.90 
14:00 16.50  18.90 24.10 29.30 33.75 38.25 41.40 46.35 
15:00 16.50  19.70 24.50 30.10 34.20 38.70 41.85 46.35 
16:00   20.10 25.30 30.50 34.65 39.60 42.30 46.35 
17:00   20.50 25.70 31.30 35.55 40.05 42.75  
18:00 16.50 16.50 20.90 26.50 26.50 31.70 36.00 40.50 43.65 46.35 

           
 23 oct 24 oct 25 oct 26 oct 27 oct 30 oct   

07:00 46.35 50.00 55.70 60.95 61.90 66.65   
08:00 46.35 50.00 55.70 60.95 62.40 66.65   
09:00 46.35 50.95 56.65 62.85 67.15   
10:00 46.35 51.45 57.15 63.80 67.60   
11:00 46.85 51.90 57.60 64.30 68.55   
12:00 47.35 52.40 58.10 64.75 69.05   
13:00 47.35 52.40 58.10 64.75 69.50   
14:00 47.80 52.85 58.55 65.25 70.00   
15:00 48.30 53.80 59.05 66.20 70.45   
16:00 48.75 54.30 59.50 60.95 *66.65 70.95   
17:00 49.25 54.75 60.45 61.45 *71.40   
18:00 50.00 55.70 60.95 *61.90   

 
 
Table 3.4: Discontinuity systems shown to exist at the GTS (Keusen et al., 1989). 

system comments 
S2 Main schistosity (azimuth strongly overlapping with S1; 

the two systems cannot be separated on the basis of 
orientation alone) 

S1 and S3 equivalent system pair (conjugate) 
S4/K4 and K2/L2 equivalent system pair (+ orthogonal) 
K1 and K3 equivalent system pair (conjugate) 
ZK tension joints 
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Figure 3.3: Block diagram of the dominant fracture systems (S: schistosity-related 
systems; K: joint systems; L: lamprophyre). For a better overview, the sub-horizontal 
system ZK and the hypothetical system S6 were left out (Keusen et al., 1989). 
 
 
rock. Hence, it is not surprising to observe concentrated outflows at these surfaces at 
their intersections with the tunnels and drifts. Some of the thickest lamprophyres 
contain smaller fractures parallel to the main azimuth. These fractures enhance the 
hydraulic conductivity in this plane, but prevent groundwater flow in a normal direction 
to them. Thus, one would consider the hydraulic conductivity of these dikes as 
anisotropic. Both shear zones and lamprophyres are traceable from the tunnel daylights 
to surface outcrops. Figure 3.4 shows the major geological features in a surface 
exposure, and the position of the GTS excavations. Figure 3.5 shows the general 
geological model of the Grimsel Test Site. Figure 3.6 correlates the surface outcrops 
and the intersections of the tunnels. The FEBEX drift which is located at the Northern 
end of the GTS, is bounded by two main shear zones according to Figure 3.4 and Figure 
3.6. 
 
 

3.3.2  Geology of the FEBEX drift area 
 
    The site of the FEBEX experiment was explored with 23 boreholes of depths ranging 
from 7 to 151 m (a total of about 750 m). Available data consist of a geological map of  
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Figure 3.4: Geological map of the Grimsel area (Guimerà et al., 1989). 
 
 
the tunnel wall,  the borehole configuration, core descriptions and head monitoring in 
borehole intervals. Inflow measurements and hydraulic parameters obtained from  
hydraulic testing will be described separately in the next sections. The main reference to 
the geology of the FEBEX area is Pardillo et al. (1997). Since this reference is only 
available in Spanish, a previous report (Pardillo et al., 1996), in English, may be also of 
some help.  
    Within this domain, some other geological features are worth mentioning: a shear 
zone, which actually crosses the FEBEX drift at a depth of about 20 m, and a 
lamprophyre dike, related to a major set of dikes. It intersects the GTS tunnel in the 
vicinity of the borehole BOUS 85.002, that is, close to the intersection of the S 
boundary. Figure 3.7 is a detailed description of geological features observed either in 
tunnel walls or borehole cores. In this figure, the N boundary of the FEBEX does not 
show up. However, the S boundary can be easily deduced by the density of fractures 
which constitute the shear zone. Also, the lamprophyres involved (black) can be traced 
between the FEBEX drift and the GTS tunnel. The shear zone intersected by the 
FEBEX drift is also shown. 
    Figure 3.8 and Figure 3.9 display the geological map of the drift. The last 17.4 m are 
of immediate concern for the FEBEX experiments because the heater and the bentonite 
block are installed in this section. Relevant geological features at the tunnel scale 
include: 
 

 Lamprophyre dikes 
 ‘en echelon’ fractures 
 Normal fractures 

 
    Note that at about 20 m depth, the drift intersects a series of fractures with the same 
azimuth as shear zones. We consider this series of fractures as a shear zone because it is 
highly conductive (measured inflows in the order of ∼30 ml/min, which can be 
considered high for the GTS and comparable to other shear zones). 
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Figure 3.5: Geological model of the Grimsel Test Site (NAGRA). 
 

 
Figure 3.6: Geological cross section of the Grimsel area showing the major geological 
structures and their relative position at the KWO and GTS tunnels. (Guimerà et al., 
1998) 
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Figure 3.7: Geological map of linear measurements and traces observed at borehole 
cores and tunnel walls in the BK and FEBEX areas (Guimerà et al., 1998). 
 
 

 
Figure 3.8:Geological map of the FEBEX drift between 0.0 m and 70.0 m (Pardillo et 
al., 1997). 
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Figure 3.9:Geological map of the FEBEX drift between 50.5 and 70.0 m (Pardillo et al., 
1997). 

 
 
3.4  Hydraulic characterization 
 
 
3.4.1 Hydrology of the Grimsel Test Site 
 
    The GTS is excavated in a fractured rock mass of low permeability. Thus, parameter 
values will display high variability due to the heterogeneity of the medium. When 
measurable, outflows are small (in the order of ml/min). Groundwater composition 
displays diluted water, barely detectable tritium contents and highly negative percentage 
of stable isotopes, which is in agreement with the expected recharge water at a given 
distance above the tunnel outflows (Figure 3.10). Groundwater composition at the 
FEBEX environment is also in agreement with such data and no further information will 
be given here, since it is not considered relevant for the purpose of the exercise. 
    The numerical model produced by Voborny et al. (1991), described the hydrogeology 
at two scales: an area of several kilometres around the GTS and the area in the vicinity 
of the GTS in more detail. For comparison, we will recall that the area of interest of the 
present exercise is a portion of the GTS.  
    The regional model evidenced the importance of the topography as the main driving 
force of groundwater flow. The boundary conditions were of prescribed head on 
surface, discharge at valleys and tunnels (when present) and nil flow across the lateral 
and bottom boundaries. Figure 3.11 is a calculated head distribution at a level 1730 m 
(GTS altitude) that includes the presence of the tunnels. Figure 3.12, is a cross section 
of the former (BS-BS) not accounting for the presence of the tunnels. Figure 3.12, also 
shows the effect of the most pervious shear zones as head contours deviations. 
Groundwater discharges towards the Aare river valley. Therefore, calculated heads of 
the model points to a regional direction N-NW, according to the main direction of this 
valley. 
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Figure 3.10:Geological cross-section of the GTS area with main geological features, 
major inflow zones, groundwater composition and available head measurements (Meier 
and Saavedra, 1995, unpublished). 
 
 
 

 
Figure 3.11:Computed head distribution of the regional model at the GTS level (1730 
m.a.s.l.) (Voborny et al., 1991). Note the disturbance of the equipotential lines due to 
the presence of the tunnel. 
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Figure 3.12:Computed head distribution of the regional model at the cross section BS-
BS showed in Figure 15 (Voborny et al., 1991). Note the disturbance of the 
equipotential lines due to the presence of the shear zones. Tunnel presence was not 
simulated 
 
    The presence of underground excavations disturbs such head distribution. Figure 3.13 
shows that the capture zones of both the GTS and the KWO tunnels extends some 
hundreds of metres. This result was considered an artifact of the coarse discretisation 
around the tunnels. Thus, the model at the scale of the GTS used a more refined grid. 
Figure 3.14 shows a head distribution at the GTS plane of this model, where the 
contribution of the most transmissive features is not so evident as before due to the 
strong hydraulic gradients imposed by the tunnels. 
 
 

3.4.2 Hydrology of the FEBEX drift area 
 
    The FEBEX drift is located at the Northern bound of the GTS. The most important 
geological features at this environment are two shear zones (K and S, see Figure 3.4 and 
Figure 3.6). Such shear zones constraint regional groundwater flow due to their ‘high’ 
transmissivity and therefore, they constitute boundaries of the FEBEX environment. 
Measured inflows of these shear zones towards the tunnels are on the order of 60 
ml/min and 23 ml/min (K and S respectively). Such a difference in flowrate 
measurements mat be attributed to the influence that the BK area, the GTS and the 
KWO exerts over the S shear zone, while the N one is only intersected by the KWO 
tunnel. 
    Topography, the most pervious geological features and the tunnel presence control 
the hydraulic gradient at the FEBEX environment. Therefore, any model of this rock 
mass block should take into account such effects. 
    Extensive hydraulic testing at existing and newly drilled boreholes was carried out. 
The most relevant results are described below, and the tests are documented in Meier et 
al. (1995), Guimerà et al. (1996) and Guimerà et al. (1998). Testing protocols are out of 
the scope of this document, but basically, they progressed from static pressure recovery 
after a flowing period, pulse test and longer time production or injection period. The 
instrumentation used (see Figure 3.15 and Figure 3.16) allowed both, injection and 
extraction. 
    Hydraulic tests at the boreholes BOUS 85001, 85002 and FBX 001 and 002 (Figure 
3.17) consisted of pulse tests, constant head injection and/or extraction and constant rate 
injection/extraction. Table 3.5 summarises the results obtained. They can be viewed as  
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Figure 3.13:Computed head distribution of the regional model at the cross section BS-
BS showed in Figure 15 (Voborny et al., 1991). Note the disturbance of the 
equipotential lines due to the presence of tunnels and shear zones. 
 
 

 
Figure 3.14:Computed head distribution at the GTS plane (Voborny et al., 1991). Note 
that in this plan view, heads at the FEBEX vicinity are mainly controlled by the tunnel 
presence and by the shear zone which is the target of the BK area. 
 
 
results of a larger scale than the FEBEX drift vicinity, given the distances among the 
boreholes and the lengths of the borehole intervals. 
    Hydraulic tests (pressure recovery interpretation and pulse injection) were carried out 
at all in-drift borehole intervals. The continuous pressure monitoring allowed to detect 
cross-hole responses during pulse testing (see Table 3.6). This information was used to 
set up a detailed cross-hole testing campaign, which consisted of 5 long term testing 
periods at selected intervals, followed by their corresponding recovery. 
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Figure 3.15:Multipackers system with the test set-up used for injection tests (Meier et 
al., 1995). 
 
 
 

 
Figure 3.16:Multipackers system with the test set-up used for withdrawal tests (Meier et 
al., 1995). 



 24

 
Figure 3.17:Location of packers during hydraulic testing of carried out before the 
FEBEX drift excavation (Meier et al., 1995) 
 
 
    Cross-hole tests were performed at the intervals indicated in Table 3.7. The 
corresponding responses were monitored at all borehole intervals, although only few of 
them displayed noticeable head changes. Table 3.8 shows a summary of the results of 
one-to-one cross-hole test interpretations. 
    In summary, the hydraulic tests performed allow to determine the hydraulic 
conductivity and hydraulic head for each borehole interval, as well as the hydraulic 
parameters of the geologic features involved in the cross-hole tests. This information 
completed the information of the available geologic map. 
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Table 3.5: Results of hydraulic measurements at BOUS and FEBEX boreholes 
(Guimerà et al., 1998). (1. transmissivity derived from best estimates for late time data; 
2. measured before drift construction on 27.09.95; 3. extrapolated from initial pressure 
recover data using the Horner method; 4. measured after drift construction on 
01.02.96). (NOTES: a. Meier et al., 1995; b. 1994 data; d. 1994 data, dominant zone 
lies between 10.0 and 17.3 m). 
interval (m) T (1) (m2/s) head (2) (m) head (3) (m) head (4) (m)   hydraulic 

communications 
BOUS 85.001   
I1 (83.50-150.00) 3.6·10-10 1983.0 - -   - 
I2 (73.00-82.50) 3.2·10-09 1777.3 - 1778.6   I3 
I3 (11.50-72.00) 3.9·10-10 (a)1759.5 - 1758.5   I2 
(1.00-150.00) - (b)1783.6 - -   - 
BOUS 85.002   
I1 (114.00-150.00) 8.3·10-10 (a)1909.3 1915.7 1922.2   I2 
I2 (111.00-113.00) 2.8·10-08 1830.1 1844.4 1852.9   I1, I3, FBX2-I1, -I2, -I3, 

 -I4 
I3 (90.00-110.00) 2.7·10-09 1818.6 1835.2 1843.1   I2 
I4 (60.00-89.00) 7.0·10-08 1781.6 1782.7 1783.0   I5, FBX2-I2, -I3, -I4 
I5 (54.00-59.00) 1.6·10-08 1791.0 1792.4 1791.8   I4 
I6 (13.00-53.00) 1.3·10-07 1745.8 - 1745.4   - 
(1.00-150.00) - (c)1745.6 - -   - 
FEBEX 95.001   
I1 (67.00-76.70) 3.3·10-10 1788.5 1790.8 1794.0   - 
I2 (56.00-66.00) 8.2·10-11 1776.8 1782.2 1778.5   - 
I3 (42.00-55.00) 6.8·10-11 1772.2 1777.1 1771.7   - 
I4 (20.00-41.00) 1.4·10-10 1757.1 - 1748.1   - 
I5 (8.00-19.00) >2.0·10-07 1747.2 - 1731.1   FBX2-I5 
FEBEX 95.002   
I1 (105.50-132.00) 5.3·10-10 1889.8 1891.3 -   BOUS-I2 
I1 (84.00-132.00) - - - 1881.0   - 
I2 (75.00-104.50) 3.7·10-10 1821.9 1820.4 -   BOUS-I2, -I4 
I2 (72.00-83.00) 1.3·10-10 - - 1819.5   - 
I3 (62.00-74.00) 5.7·10-10 1807.4 1800.5 -   I4, BOUS2-I2, -I4 
I3 (63.00-71.00) 4.2·10-10 - - 1786.9   - 
I4 (50.00-61.00) 6.6·10-10 1797.4 1793.4 -   I3, BOUS2-I2, -I4 
I4 (50.00-62.00) 3.3·10-10 - - 1769.2   - 
I5 (22.50-49.00) >2.0·10-07 1747.0 - -   FBX1-I5 
I5 (43.00-49.00) - - - 1729.5   - 
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Table 3.6: In-drift single hole hydraulic testing results (Guimerà et al., 1998). (1. PW = 
pulse withdrawal; 2. H = Horner; 3. PI = Pulse injection; 4. flowrate = naturally 
flowing rate after 3-4 days of packer installation, and used to interpret the recovery 
curve by the Horner method). 
interval 
(m) 

pressure 
(bar)  

flowrate
(ml/min)

T (H)
(m2/s)

T (PW)
(m2/s)

T (PI) 
(m2/s) 

responses / 
comments 

B12-1 (6.00-7.03) 1.380 0.065 1.67·10-11 1.98·10-11 9.61·10-12  
B12-2 (1.50-5.00) 0.430 dry 9.73·10-11 3.33·10-11  
B13-1 (4.00-7.10) 0.870 >0.01 2.03·10-11 2.38·10-11  
B13-2 (1.50-3.00) 1.425 dry no recov. 8.48·10-12  
B22-1 (1.50-7.07) 8.283 0.32 2.76·10-11 2.87·10-10 7.86·10-11  
B23-1 (3.30-7.16) 8.133 21.9 3.76·10-09 5.20·10-08 3.41·10-08   J5-3 
B23-2 (1.50-2.30) 7.218 no measure 1.04·10-10 1.14·10-10  
F11-1 (13.50-15.00) 5.463 no measure 2.95·10-11  
F11-2 (7.50-12.50) 4.772 no measure 2.37·10-11  
F11-3 (1.50-6.50) 0.958 no measure 7.73·10-11  
F12-1 (9.54-15.19) 3.363 0.22 5.72·10-11 2.52·10-10 1.20·10-10  
F12-2 (6.50-8.54) 2.465 0.04 9.32·10-12 2.53·10-10 3.08·10-11   F24-2 
F12-3 (1.50-5.50) 3.315 >0.1 1.63·10-10 5.38·10-11   F22-2, I2-1 
F13-1 (10.50-15.06) 1.435 0.13 4.08·10-11 3.55·10-11 2.04·10-11  
F13-2 (5.00-9.50) 2.382 >0.01 4.26·10-10 4.77·10-10  
F13-3 (1.50-4.00) 2.380 dry 9.46·10-11 4.19·10-11   K2-3 
F14-1 (11.70-15.00) 5.365 8.7 9.55·10-10 2.14·10-08 2.95·10-08  
F14-2 (8.50-10.70) 4.985 0.012 1.15·10-12 1.00·10-11 5.82·10-12   K2-2 
F14-3 (1.50-7.50) 3.698 2.75 3.90·10-10 not interp. 2.83·10-10   FBX2-4 
F21-1 (15.00-11.66) 6.068 no measure 1.94·10-11  
F21-2 (10.66-3.70) 4.973 no measure 5.53·10-11 2.53·10-11  
F21-3 (2.70-1.36) 3.030 no measure 1.14·10-11  
F22-1 (15.04-11.50) 6.988 0.38 5.84·10-11 1.66·10-10 2.80·10-10   I2-1 
F22-2 (10.50-8.00) 6.745 1.47 2.03·10-10 1.19·10-09    too rapid rec. 
F22-3 (7.00-1.50) 6.340 0.11 1.05·10-11 2.45·10-10 8.46·10-11  
F23-1 (9.34-15.13) 5.100 0.24 5.70·10-12 2.09·10-10 7.94·10-11  
F23-2 (7.54-8.34) 5.198 0.084 1.06·10-11 not interp. 4.96·10-11  
F23-3 (6.54-1.50) 4.200 0.044 6.00·10-12 2.18·10-10 4.80·10-11  
F24-1 (7.75-15.11) 5.673 236.81 2.41·10-08 1.36·10-07  no react.   K1-1 
F24-2 (1.50-6.75) 4.595 1.17 1.54·10-10 1.29·10-09 4.90·10-10   FB2-3 
I1-1 (6.00-7.14) 1.525 no measure   
I1-2 (5.00-1.50) 2.310 no measure 1.16·10-11   
I2-1 (3.50-7.14) 6.720 2.5 3.08·10-09 not interp. 5.95·10-10   J5-2, F12-2, 

 -3, F22-2 
I2-2 (1.50-2.50) 2.683 dry not interp. 8.44·10-12  
J5-1 (8.25-15.19) 10.805 1.38 4.70·10-10 2.86·10-10 1.73·10-10  
J5-2 (4.20-7.25) 9.670 0.176 2.27·10-11 9.85·10-11 2.28·10-11  
J5-3 (1.50-3.20) 8.163 26.7 4.56·10-09 3.31·10-08    B23-1 
K1-1 (14.90-21.99) 5.115 no measure 5.56·10-11  
K1-2 (9.00-13.90) 1.528 no measure 1.05·10-11  
K1-3 (5.00-8.00) 0.108 no measure   
K1-4 (1.50-4.00) -0.295 no measure   
K2-1 (18.52-20.11) 4.770 0.043 5.70·10-12 4.97·10-11 9.07·10-12  
K2-2 (11.48-17.52) 2.578 0.33 5.65·10-11 4.98·10-08 1.24·10-07   F13-2, F13-3 
K2-3 (6.04-10.48) 3.275 0.27 4.09·10-11 6.97·10-10 3.28·10-10   FBX2-4 
K2-4 (1.50-5.04) 0.480 dry    no response 
Atmospheric 0.8   
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Table 3.7: Summary of the 5 performed cross hole tests (Guimerà et al., 1998). 
active interval response intervals 
J5-3 J5-2, B22-1, B23-1, B23-2 
I2-1 F12-1, F12-2, F12-3, F22-1, F22-2, F22-3 
F14-3 FBX2-4, K2-2, K2-3, B13-2, F13-2 
FBX2-4 F14-3, K2-2, K2-3, B13-2, F13-2 
F24-1 F14-1, F14-2, BOUS2-4, BOUS2-5 

 
 
 
Table 3.8: Results of one-to-one cross-hole test interpretations (Guimerà et al., 1998). 
(1. T = transmisivity; 2. S = storativity). 

active interval resp. interval T (m2/s) S (m-1) 
J5-3 J5-3 8.10·10-09 1.70·10-04 
J5-3 J5-2 7.90·10-09 2.60·10-04 
J5-3 B22-1 - - 
J5-3 B23-1 7.90·10-09 1.20·10-07 
J5-3 B23-2 - - 
I2-1 I2-1 1.14·10-09 1.50·10-05 
I2-1 F12-1 1.45·10-09 6.20·10-06 
I2-1 F12-2 1.45·10-09 6.70·10-06 
I2-1 F12-3 1.20·10-09 1.10·10-06 
I2-1 F22-1 1.17·10-09 5.40·10-07 
I2-1 F22-2 8.14·10-10 1.10·10-08 
I2-1 F22-3 7.70·10-10 2.10·10-06 

F14-3 F14-3 2.10·10-09 5.60·10-05 
F14-3 FBX2-4 9.90·10-10 1.90·10-07 
F14-3 K2-2 8.10·10-10 1.20·10-06 
F14-3 K2-3 1.10·10-09 5.50·10-07 
F14-3 B13-2 7.60·10-10 3.40·10-06 
F14-3 F13-2 9.90·10-10 1.30·10-06 
FBX2-4 FBX2-4 9.60·10-10 3.10·10-03 
FBX2-4 F14-3 8.60·10-10 2.70·10-06 
FBX2-4 K2-2 8.40·10-10 1.80·10-06 
FBX2-4 K2-3 7.80·10-10 3.70·10-07 
FBX2-4 B13-2 9.40·10-10 2.90·10-06 
FBX2-4 F13-2 1.10·10-09 2.20·10-06 

F24-1 F24-1 1.90·10-08 1.30·10+00 
F24-1 F14-1 2.40·10-08 8.10·10-05 
F24-1 F14-2 1.60·10-08 1.40·10-04 

F24-1 BOUS2-4 3.40·10-08 8.70·10-06 

F24-1 BOUS2-5 2.50·10-08 1.10·10-06 
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3.5  Thermo-mechanical characterization 
 
 
3.5.1 Characteristic values of various granitic rocks 
 
    Values of important mechanical properties of granitic rocks may be found in Amiguet 
(1985). This report is a summary from a literature review, including tests carried out in 
the Grimsel Test Site. The report contains (1) tables with characteristic values of various 
granitic rocks; (2) a summary table with typical values of intact granite and (3) diagrams  
showing the behaviour of various characteristic parameters under various mechanical 
and thermal conditions. For instance, Table 3.9 shows the summary table with the mean 
and possible values of intact granite properties. The ranges include most results of 
investigations, but they do not contain all the possible values nor correspond to a 
statistical standard deviation. 
    Keusen et al. (1989) (see Table 3.10) gives rock mechanical parameters, together 
with a few geophysical parameters, and makes two important remarks: (1) the majority 
of measurements were carried out on drill cores in the laboratory and, because the in-
situ stresses are higher, do not correspond to true in-situ values; (2) parameters refer to 
the intact rock on a small scale and not to the whole rock body on a large scale, where 
fractures and changes in rock type will have an influence.  
    Unconfined compression tests using two specimens of granite and two specimens of 
lamprophyre recovered from in-drift boreholes SF22 and SF13 were carried out in the 
Structural Technology Laboratory of the Construction Department of UPC (Pintado et 
al., 1997). The procedure adopted was based on the ASTM standard test method D3148-
86. Three 60 mm long strain gauges were mounted centrally on each specimen, equally 
spaced around the circumference and parallel to the longitudinal axis. The stress versus 
axial strain recorded in the pre-failure regime of each test is shown in Table 3.10. A 
straight line was fitted through the linear part of each curve and its slope was used to 
calculate the elastic modulus. The location and type of rock of the specimens tested with 
the results obtained are summarised in Table 3.11. 
    Water retention curves were determined at the UPC (Pintado et al., 1997) for 2 
lamprophyre and 3 granite specimens recovered from in-drift boreholes. Table 3.12 
shows the location and type of rock of each specimen. Suctions ranging from 2 to 200 
KPa were applied using a pressure plate extractor with a porous ceramic plate. In order 
to apply higher suctions (0.6, 1.0 and 2.0 MPa) a pressure membrane extractor was 
used. For low suctions (2 and 5 KPa), suction was applied by means of a water column 
and for higher suctions positive air pressure was applied in the extractors. Figure 3.18 
illustrates the unxial compression test results and Figure 3.19 shows the water retention 
curves obtained. 
    These curves are coherent with the curves obtained by Schneebeli et al. (1995) 
performing similar tests but using samples of the ventilation test instead. On this 
ventilation test, Finsterle et al. (1995) obtained by backanalysis the following 
expressions for the retention curve and the relative permeability of the Grimsel granite: 
 
 s = 1.74 (Sr –1.68 – 1) 0.405 (2.1) 
 kr = Sr

0.5
 [1 – (1 – Sr

1.68) 0.595]2 (2.2) 
 
where s is the suction (in MPa), Sr is the degree of saturation and kr is the relative 
permeability. 
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    Values of properties of the rock around the FEBEX area may also be inferred from 
the geophysical investigations carried out in boreholes FEBEX 95.001 and FEBEX 
95.002, and reported in Häring (1996). 

 

Table 3.9: Properties of intact granite (Amiguet, 1985). (* means in-situ stress 
condition). 
property versus mean value range units 
bulk density 2640 2600-2680 kg/m3 
grain density 2680 2650-2700 kg/m3 
porosity 1.6 0.5-2.5 % 
uniaxial compression strength 185 150-220 MPa 
Young's modulus 60 45-75 GPa 
Poisson's ratio 0.25 0.20-0.30 - 
tensile strength 10 5-15 MPa 
triaxial strength conf. pressure   
 5 MPa 35 25-40 MPa 
 10 MPa 45 35-55 MPa 
 20 MPa 65 55-75 MPa 
 50 MPa 105 95-120 MPa 
 100 MPa 160 140-180 MPa 
 200 MPa 240 200-280 MPa 
angle of friction (natural joint) 32 25-40 ° 
p-wave velocity  *5600 5000-6200 m/s 
s-wave velocity  *3400 3000-3600 m/s 
coef. linear thermal expansion 8.0·10-6 (5-12)·10-6 K-1 
coef. Vol. thermal expansion 25·10-6 (20-30)·10-6 K-1 
thermal conductivity 3.3 2.7-3.8 W/mK 
specific heat 920 800-1250 J/kgK 
permeability 10-12 (0.1-5)·10-12 m/s 
 
 
Table 3.10: Rock mechanical parameters of the main rocks at the Grimsel Test Site 
(Keusen et al., 1989). (* refers to fractures). 

parameter granite
(Central Aare)

granodiorite
(Grimsel)

aplite lamprohyre units 

density 2660±23.8 2706±13.6 2599±17.4 2909±31.0 kg/m3 
porosity 0.4-1.0  vol % 
uniaxial comp. strength 169.1±37.1 116.9±47.9 225.6±45.4 127.0±31.8 MPa 
Young's modulus E50 53.3±11.0 47.3±15.4 60.2±8.9 42.4±8.5 GPa 
Poisson's ratio 0.37±0.12

0.33±0.03
0.33±0.15 0.40±0.12 0.33±0.17 - 

tensile strength 9.06±1.48 9.54±2.17 9.27±0.95 12.55±3.59 MPa 
triaxial comp. strength 
(σ3 ; σ1) 

5.0 ; 263.0±29.9
10.0 ; 333.0±20.6
20.0 ; 410.0±63.8

5.0 ; 230.0±70.7
10.0 ; 287.0±24.7
20.0 ; 355.0±28.3

5.0 ; 297.0
10.0 ; 395.0
20.0 ; 455.0 

5.0 ; 240.0 
20.0 ; 226.0±44 

 

MPa 

friction angle (*) 33 (*) 30±2 
29

(*) 34
36

32.5±3.5 ° 

p-wave vel. (specimen) 3111±278 3351±388 2948±428 2120±480 m/s 
p-wave vel. (whole rock) 5600±100 5600±100 5400-5700 5700-6100 m/s 
therm. conductivity (wet) 2.58±0.19 2.66±0.19 3.31±0.35 2.21±0.45 W/m·K
therm. conductivity (dry) 3.34±0.35 3.22±0.29 5.32±0.49 2.71±0.60 W/m·K
permeability 5·10-17 (10 MPa)

3.5-4.5·10-12 (5-15 MPa)
5·10-12 (5-30 MPa) 

 m/s 
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Table 3.11: Results of unconfined compression tests performed in specimens recovered 
from in-drift boreholes (Pintado et al., 1997). (1. depth = distance to FEBEX drift wall; 
2. mean Ø = mean diameter; 3. E50 = Young's modulus; 4. comp = compressive 
strength) (Pintado et al., 1997)). 

borehole depth  
(m) 

rock type mean Ø
(mm) 

E50 
(GPa) 

comp  
(MPa) 

SF22 0.17-0.27 granite 51.73 61.6 193.5 
SF22 0.85-0.95 granite 51.64 50.8 110.0 
SF22 12.16-12.26 lamprophyre 51.64 49.8 142.0 
SF13 0.70-0.80 lamprophyre 51.78 35.7 85.4 

 
Table 3.12:Specimens recovered from in-drift boreholes to determine the water 
retention curve (Pintado et al., 1997) (depth = distance to FEBEX drift wall). 

specimen borehole depth  
(m) 

rock type 

L1 SF13 0.05-0.07 lamprophyre 
L2 SF22 12.14-12.16 lamprophyre 
G1 SF22 0.04-0.06 granite 
G2 SF22 0.06-0.08 granite 
G3 SF13 0.95-0.97 granite 

 

 
 

 

3.5.2   In-situ stresses in the Grimsel Test Site 
 
    In the Grimsel Test Site, investigations have been carried out to determine rock 
stresses. Information may be found in Bräuer et al. (1989) and Pahl et al. (1989). 
    General remarks concerning stress measurements carried out by BGR, Hannover 
(Germany) are provided in Keusen et al. (1989): "(1) there is a difference of more than 
10 MPa between the minimum and maximum horizontal stress; (2) the maximum 
horizontal stress lies between 18 and 45 MPa and the minimum principal stress between 
15 and 32 MPa; (3) the maximum horizontal stresses are generally directed towards the 
SE, i.e. perpendicular to the main alpine schistosty S2". It is concluded that "the stress, 
which is 4-5 times higher than the lithostatic pressure of around 9-12 MPa, indicates the 
presence of significant horizontal forces in the main compression direction NW-SE". 

Figure 3.18: Unconfined 
compression tests performed 
in specimens recovered from 
in-drift boreholes (Pintado 
et al., 1997). 
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Figure 3.19:Water retention curves of lamprophyre and granite specimens (Pintado et 
al., 1997). 
 
 
    In the context of the project Rock Stresses carried out in the Grimsel Test Site (GS in 
Figure 3.5) several rock stress investigations were carried out by BGR, Hannover 
(Germany). In these investigations several overcoring methods, borehole dilation tests 
and hydrofracture tests were used. Details may be consulted in Pahl et al. (1989). For 
instance, Figure 3.20 shows the results of horizontal stress measurements using and 
overcoring method. Referring to this figure, Pahl et al. (1989) remarked that "It can 
clearly be seen that tha maximum stresses are approximately 25 - 40 MPa and the 
minimum horizontal stresses are between 15 and 30 MPa. We have then that the 
horizontal stresses (are) substantially higher than the depth-related overburden 
pressure". 
    Additional information may be found in Bräuer et al. (1989) where engineering 
geological investigations were carried out for the Rock Stresses and Fracture System 
Flow tests performed in the Grimsel Test Site (GS and BK in Figure 3.5). The 
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evaluation of the geological data showed structural tectonic and hence rock mechanical 
and rock hydraulic differences between closely neighbouring rock sections. The 
analysis of both test areas enables the transferability of rock stresses and rock hydraulic 
properties to other areas. 
 
 

 
Figure 3.20: Size and direction of horizontal stresses obtained from BGR overcoring 
tests assuming isotropic rock mass behaviour (E = 40 GPa, ν = 0.25) (Pahl et al., 
1989) 

 

3.6 Required results for Part A of Task 1 
 

3.6.1 Work to be done 
 
    Based on the information presented in the previous sections, it is required: 
 

 Preparation of a hydro-mechanical model of the host rock near the FEBEX tunnel. 
Full details of the construction of the model are required, as explained in the 
general specifications. Specifically, the following issues should be explained: (1) 
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Mathematical setting, (2) Model calibration, (3) Numerical solution and (4) 
Additional comments. 

 
 Blind prediction of total water inflow to the FEBEX tunnel.As a result of the 

excavation of the FEBEX tunnel, water will flow into the tunnel. The total water 
inflow to the FEBEX tunnel is required.  

 Blind prediction of the response of pore water against the tunnel excavation. 
During the excavation of the FEBEX tunnel, existing stresses around the tunnel 
were disturbed, as well as pore water pressures. Indeed, water pressure at 
intervals P3 and P4 of borehole FBX 95.002 against the advance of the 
excavation front showed the existence of a non-negligible hydro-mechanical 
coupling. Given the evolution in time of the excavation of the tunnel, it is 
required to predict the evolution of water pressure at intervals P3 and P4 of 
borehole FBX 95.002, running subparallel to the FEBEX tunnel. 

 
 
3.6.2   Output specifications 
 
    The origin of time measurements is set at the beginning of the FEBEX drift 
excavation (i.e., on 25.09.95). The required output is: 
 

 The total water inflow Q (in ml/min) into the portion of the FEBEX tunnel later 
occupied by the test (tunnel metering from 54.00 to 71.40 m) 100 days after the 
start of the tunnel excavation (i.e., on 03.01.96). 

 
 The evolutions of water pressure (in MPa) in intervals P3 and P4 of the FEBEX 

95.002 borehole (see Figure 21) as a function of time (in days). Of course, 
packer locations should be those used during the FEBEX drift excavation, as 
detailed in Fierz, 1996. The evolutions should cover 45 days (i.e., from 25.09.95 
to 09.11.95), hence they should include the month used to excavate the FEBEX 
drift and two weeks more. 

 



 34

4. Part A of Task 1: modelling results and  
    evaluation 
 
 
4.1  Introduction 
 
    This chapter provides a description of the work performed within Part A, Task 1 of 
DECOVALEX III Project. Eight Teams participated in the study, whose general 
objective is the modelling of the hydro-mechanical responses of the rocks responding to 
the tunnel excavation of the  FEBEX “in situ” test, which was installed in the Grimsel 
Test Site (Switzerland).   Figure 4.1 shows a general reference for the test case. It is a 
longitudinal section of the tunnel and the FEBEX 95.002 borehole in which pore 
pressures were recorded. Measuring intervals P3 and P4 along the borehole are 
indicated as well as the inflow tunnel section selected to measure water inflow rates. 
 

159315

159320

159325

159330

159335

159340

667410 667415 667420 667425 667430 667435 667440 667445 667450

P4

P3

FEBEX 95.002

TEST ZONE

 
Figure 4.1: Plan view of the test zone of the FEBEX drift and the borehole FEBEX 
95.002, showing the intervals P3 and P4. GTS coordinates (in m) are used (North is 
parallel to the y-axis). 
 
 
    Part A of Task 1 was conceived as a “blind” prediction exercise corresponding to the 
excavation of the FEBEX tunnel and auxiliary boreholes. 
    Although the FEBEX experiment concentrates on the behaviour of the bentonite 
buffer around waste canisters (Parts B and C address this fundamental aspect of the test) 
it turned out that some of the observations made during the excavation of the tunnel and 
immediately afterwards provided an interesting large scale experiment of a hydro 
mechanical nature. In fact, two types of measurements have been selected to develop 
the modelling exercise: the actual water inflow rates into the FEBEX short tunnel and 
the water pressure response in the vicinity of the tunnel outer perimeter against the 
tunnel excavation by a Tunnel Boring Machine (TBM). 
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    Flow measurements into the tunnel provide an integrated variable, controlled by the 
problem geometry, rock mass fracture pattern, fracture anisotropy, rock matrix 
permeability and boundary conditions. A number of in situ tests in boreholes and 
previous geological investigations of the site, described in the case definition of Part A 
(see Chapter 3), provide data to build the appropriate hydrological model. A 
comprehensive set of reports produced by ENRESA and associated contractors, which 
provide moe comprehensive information and data than the case definition of this study 
was also made available to the teams.  
    The second prediction asked for the transient changes in water pressure recorded at 
some borehole intervals in the close proximities of the advancing tunnel. Water 
pressures were recorded in two isolated segments of a pre-existing borehole sub parallel 
to the tunnel axis. The pore water pressure record exhibited a marked transient 
behaviour when the tunnel face was close to the measuring section of the borehole. This 
transient behaviour was characterized (in one of the measuring segments) by a rather 
sharp increase in pressure followed by a slow decay as the tunnel moved away from the 
measuring section. This behaviour was related to the interaction between rock 
deformation and water reaction and provided an interesting record of hydro-mechanical 
interaction in the saturated granite rock mass. 
    In subsequent sections, the modelling approaches followed by each team are briefly 
summarised, the physical phenomena relevant to the problem at hand are discussed and 
a comparison of the predictions submitted by the different teams is presented, whereby 
their computed results are compared with actual measurements. The reports produced 
by the teams provide a deeper insight on particular aspects of the computations 
performed. They are self-contained reports with a relatively common structure 
(mathematical setting, model calibration, numerical solution, additional comments and 
references) in order to facilitate cross comparisons. 
 
 
4.2  Teams 
 
    From the ten Teams involved in Task 1 of the DECOVALEX III Project (cf. Table 
1.1 in Chapter 1), eight have carried out the modelling work required for Part A, 
namely: ANG, ANN, CNS, DOE, IPS, JNC, SKB and SKI.  
 
 
4.3  Modelling approaches 
 
    Each Modelling Team used a particular model whose parameters were determined 
based on a combination of the information provided with the case definition, references 
found in the literature and its own modelling experience. 
    In this chapter we examine the main features of the work carried out by the various 
teams in order to understand their performance in modelling the problem at hand, based 
on the teams’ reports, and we then present the main features of each modelling work. 
More details can be seen in the corresponding teams’ reports in the accompanying CD-
ROM. 
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4.3.1 Geometrical modelling of the zone surrounding the FEBEX  
           tunnel 
 
    In the zone surrounding the FEBEX tunnel it is possible to identify macro scale 
features at a scale comparable to the scale of the problem, such as lamprophyre dykes 
and shear zones, and micro scale features at a scale smaller than the scale of the 
problem, such as secondary fractures and micro fractures. 
    In order to model the macro scale features, two types of approaches have been used:   
− equivalent 3D continuum (CNS, DOE, IPS, JNC, SKB, SKI) 
− equivalent 2D continuum (ANG, ANN) 
 
    As shown in Table 4.1, the macro scale features that have been taken into account in 
the model vary among the Teams. 
 
Table 4.1: Macro scale features taken into account. 

Team Remarks 
ANG rock mass with anisotropic permeability and 2 discrete fractures 
ANN rock mass and 12 discrete fractures 
CNS rock mass, 2 lamprophyres and 3 fracture zones 
DOE rock mass, 1 shear zone, echelon fracture zone and 2 lamprophyres 
IPS rock mass 
JNC rock mass, lamprophyre and a heterogeneous hydraulic conductivity 
SKB rock mass, 3 shear zones and 2 lamprophyres 
SKI rock mass, near field rock, local fracture zone, lamprophyre 

  
 
    On the other hand, in order to model the micro scale features, all teams used an 
equivalent 3D continuum approach. However, some teams (DOE and JNC)  established 
a hydraulic and mechanical link with micro scale features by taking into account the 
opening of joints in their 3D equivalent continua, while others (ANN) did not include 
any hydraulic link with micro scale features by considering their 3D equivalent continua 
to be impervious.     
    Another aspect of the modelling work is the size of the zone to be included into the 
model. Essentially, two different mesh sizes have been used: 
 
− tenths of meters (ANG, CNS, DOE, JNC) 
− hundreds of meters (ANN, IPS, SKB, SKI) 
 
    All meshes were 3D except the mesh used by IPS that was 2D. Only ANN and SKB 
extended their meshes to reach hydrological natural boundaries, such as the access 
tunnel to the Grimsel Test Site or the shear zones.  
 
 
4.3.2 Physical phenomena considered 
 
    Some Teams (CNS, IPS and SKB) used a simplified model (taking into account of 
only water flow) in order to determine the total water inflow to the tunnel and a more 
complete model (taking into account of water flow and mechanical deformation) in 
order to determine the water pressure response to the tunnel excavation. The rest of 
teams used the same model (taking into account water flow and mechanical 
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deformation) for both calculations. Table 4.2 summarises the physical phenomena and 
the couplings between them considered by the various teams. 
    Note that, although a unique model for both predictions was requested, the use of a 
simplified model (taking into account only water flow) for the prediction of the total 
water inflow to the test zone indicates that those Teams considered a priori that for that 
prediction the influence of the mechanical deformation was negligible. 
 
Table 4.2: Physical phenomena and couplings considered. (M = mechanical 
deformation, H = water flow). 

Team Water 
inflow 

Pressure 
response 

Remarks 

ANG M↔H M↔H 2D fractures are rigid 
ANN M→H M→H water flows only through fractures  
CNS H M↔H  
DOE M→H M→H joint aperture taken into account 
IPS H M↔H  
JNC M↔H M↔H joint aperture taken into account 
SKB H M↔H  
SKI M↔H M↔H  

 
 
4.3.3 Constitutive models 
 
    Clearly, the features of the zone surrounding the FEBEX tunnel are such that the 
modelling of all fractures is unpractical. Moreover, the experimental information 
concerning the geometry and properties of fractures is limited. Although teams  
followed different approaches in modelling the zone surrounding the FEBEX tunnel, 
three main approaches may be distinguished, namely: 
 
− Modelling of the main fractures as 2D entities and modelling of the ensemble of 

rock mass and fractures as a 3D continuum (ANN and ANG). 
− Modelling of the ensemble of rock mass and fractures as a 3D continuum that 

explicitly takes into account the properties of the fractures (DOE and JNC). 
− Modelling of the ensemble of rock mass and fractures as a 3D continuum that 

does not take explicitly into account properties of the fractures (CNS, IPS, SKB 
and SKI). 

 
    In what follows, a short summary of the constitutive models used by each Modelling 
Team is given, whereby reference is made to the respective Modelling Reports for 
additional details.  
    ANG: Two main fractures and the rock mass are modelled in a similar way, both 
from the mechanical deformation and water flow points of view: deformations are given 
by poroelastic constitutive laws, whereas water flow is governed by Darcy’s law. The 
poroelastic constitutive laws were based on Terzaghi’s effective stress principle. 
However, the mechanical behaviour of the 2 fractures was frozen in order to avoid some 
undesired effects. 
    ANN: The model takes 12 fractures explicitly into account, while the rock mass is 
treated as an impervious elastic material. Water flow was considered to occur only 
through one-dimensional paths within the fractures and at the intersections of fractures. 
The number of fractures explicitly considered resulted from limitations of the code 
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used. This approach is consistent with the idea that the behaviour of a fractured rock 
massif is mainly dictated by the behaviour of the fractures. However, the available 
experimental data show that about a 27% of the water inflow to the test area is through 
the rock matrix. Another feature of the modelling is that joint displacements influence 
conductivities, that is, the mechanical deformation affects the hydraulic flow. However, 
the reverse coupling was not considered. 
    CNS: Equivalent continua in order to model the rock mass, 2 lamprophyres and 3 
fracture zones. The constitutive models used in all these cases were poroelastic, 
whereby unsaturated states were allowed. Darcy’s law with a saturation-dependent 
permeability governed water flow. The poroelastic constitutive laws were based on 
Bishop’s effective stress principle. Finally, use was made of a water retention curve. 
Full coupling between mechanical deformations and water flow was considered. 
However, the determination of the total water inflow to the test zone was made using a 
purely hydraulic model. 
    DOE: Equivalent continua for modelling the rock mass, shear zones, echelon fracture 
zone and lamprophyre, whereby unsaturated states were also allowed. In all cases a 
Compliant Joint Model was used, which allows to model up to four sets of joints. The 
parameters of this model are determined from joint properties, such as orientation and 
joint normal opening. Darcy’s law governed water flow, whereby permeability 
depended on both degree of saturation and joint opening. A van Genuchten water 
retention curve was also considered. In this model, mechanical deformations influence 
hydraulic flow, but not conversely. 
    IPS: Equivalent continuum for modelling a 2D cross section of the FEBEX tunnel 
and the zone surrounding it, because their contribution was oriented in order to analyse 
the relevance of various factors to the problem to be solved. The constitutive model 
used was a poroelastic material with water flow governed by Darcy’s law. The 
poroelastic constitutive law was based on Terzaghi’s effective stress principle. Full 
coupling between mechanical deformations and water flow was considered. However, 
the total water inflow to the test zone was predicted using a purely hydraulic model. 
    JNC: Equivalent continua for modelling the rock mass and the lamprophyre were 
used. The model used in both cases was based on Oda’s crack tensor theory and on 
Barton-Bandis model for joints, whereas Darcy’s law governed water flow. Joint 
openings influenced both mechanical properties and permeability in a non-linear way. 
The parameters of the constitutive model were based on joint properties, such as joint 
orientation, JRC (Joint Roughness Coefficient) and JSC (Joint Compression Strength). 
Mechanical deformations were fully coupled to water flow. 
    SKB: Equivalent continua for modelling the rock mass, the shear and breccia zones, 
2 lamprophyres and 2 shear zones. The constitutive model used was a poroelastic 
material with water flow governed by Darcy’s law, whereby an anisotropic permeability 
was considered. In the present case, Terzaghi’s effective stress principle was used. 
Mechanical deformations were fully coupled to water flow. 
    SKI: Equivalent continua for modelling the rock mass, the near field rock, the shear 
and breccia zone, the lamprophyre and a local fracture zone. The constitutive model 
used was a poroelastic material with water flow governed by Darcy’s law with an 
anisotropic permeability. In the present case, Terzaghi’s effective stress principle was 
used. Mechanical deformations were fully coupled to water flow.  
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4.3.4 Model calibration 
 
    A brief outline of the calibration procedures that have been used by each team is 
presented ablow. However, due to its relevance for the determination of the pore water 
response to the tunnel excavation, we will indicate the initial in situ stress considered at 
the test zone of the FEBEX tunnel.  
    ANG: The model was calibrated using values for the parameters based on the 
information provided in the case definition and additional assumptions. The presence of 
a natural general flow towards the access tunnel was taken into account in the initial 
pore water pressure field. The initial in situ stress field was in agreement with the 
information provided in the case definition, namely: σv = 11 MPa, σH = 35 MPa and σh 
= 20 MPa, with the horizontal minimum stress σh oriented SE at 45° with the tunnel 
axis. 
    ANN: The model was calibrated using hydraulic parameters of each fracture obtained 
by fitting the predictions of a model of the zone surrounding the FEBEX tunnel to the 
flow measured in borehole FEBEX 95.002 (parallel to the FEBEX tunnel), to the heads 
measured in boreholes BOUS 85.001, BOUS 85.002, FEBEX 95.001 and FEBEX 
95.002 and to the results of the PSR tests carried out in borehole FEBEX 95.002. The 
initial stress field was in agreement with the information provided in the case definition, 
namely: σv = 10.72 MPa, σH = 31.5 MPa and σh = 23.5 MPa, with the horizontal 
minimum stress σh oriented SE at 45° with the tunnel axis. 
    CNS: The model was calibrated using values for the parameters based on the 
information provided in the case definition and additional assumptions. The water 
retention curve and the hydraulic unsaturated conductivity considered in the calculations 
were taken from the case definition. The initial pore water distribution was consistent 
with a general flow towards the access tunnel. The magnitude of the initial in situ stress 
considered was in agreement with the information provided in the case definition: σv = 
10.5 MPa, σH = 32.5 MPa and σh = 22.5 MPa, but the orientation of the horizontal 
minimum stress σh was perpendicular to the tunnel axis. 
    DOE: The model was calibrated using values for the parameters based on the 
information provided in the case definition and additional assumptions. This applied 
also to parameters related to joint properties. The initial pore water distribution was 
consistent with a general flow towards the access tunnel and matched the values 
observed in intervals P1 to P5 of the borehole FEBEX 95.002. The magnitude of the 
initial in situ stress considered was in agreement with the information provided in the 
case definition: σv = 11.7 MPa, σH = 40 MPa and σh = 25 MPa, but the orientation of 
the horizontal minimum stress σh was parallel to the tunnel axis. 
    IPS: The model was calibrated using values for the parameters based on the 
information provided in the case definition and additional assumptions. The magnitude 
of the initial in situ stress considered was essentially in agreement with the information 
provided in the case definition: σv = 7.14 MPa, σH = 29.4 MPa and σh = 29.4 MPa, but 
the orientation of the horizontal minimum stress σh (being equal to the horizontal 
maximum stress σH) was undefined. 
    JNC: The model was calibrated using values for the parameters based on the 
information provided in the case definition and additional assumptions. This applied 
also for parameters related to joint properties, whereby values for JRC were deduced 
from the available information and values for JCS were assumed. Initial values for the 
permeability were also obtained from available information and a kriging procedure. No 
information was given concerning the initial in situ stress field.   
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    SKB: The model was calibrated using values for the parameters based on the 
information provided in the case definition and additional assumptions. The model was 
calibrated using the measured pore water pressures in boreholes BOUS 85.001, BOUS 
85.002, FEBEX 95.001 and FEBEX 95.002 and the measured water inflow to the access 
tunnels. The initial pore water pressures resulted from the steady state computed using 
the model, whereby boundary values were applied at natural hydraulic boundaries. The 
magnitude of the initial in situ stress considered was in agreement with the information 
provided in the case definition: σv = 10 MPa, σH = 40 MPa and σh = 20 MPa, as well as 
the orientation of the horizontal minimum stress σh was parallel to the North and South 
shear zones. 
    SKI: The model was calibrated using values for the parameters based on the 
information provided in the case definition and additional assumptions. The initial pore 
water distribution was consistent with a general flow towards the access tunnel and 
matched the values observed in intervals P1 to P5 of the borehole FEBEX 95.002. In 
order the reproduce as closely as possible the observed pore water pressure evolutions at 
intervals P3 and P4 of the borehole FEBEX 95.002, it was decided to choose an initial 
in situ stress field that agreed neither in magnitude nor in orientation with the 
corresponding information provided in the case definition: σv = 22.5 MPa, σH = 30 MPa 
and σh = 15 MPa, with an orientation of the horizontal minimum stress σh parallel to the 
tunnel axis. 
 
 
4.3.5 Modelling of the tunnel excavation 
 
    Since tunnel excavation is what induces the observed pore water pressure responses 
in intervals P3 and P4, its modelling is expected to have influence on the quality of the 
corresponding predictions. Therefore, in what follows we give an overview of the way 
in which each team has simulated the tunnel excavation. 
    ANG: The tunnel excavation was modelled by the activation-deactivation method. 
The excavation history was considered with great detail, whereby 27 excavation phases 
were used. At the front face of the tunnel, pore water pressure was taken equal to zero. 
    ANN: The tunnel excavation was modelled using only 4 excavation phases. Due to 
restrictions placed by the interface between the mechanical and hydraulic codes used, it 
was not possible to simulate transient evolutions caused by changes of geometry.  
    CNS: The tunnel excavation was modelled using 5 excavation phases. The periods of 
TBM activity were modelled by applying a pressure to the excavation front in order to 
simulate the thrust of the TBM, whereas the periods of TBM inactivity were modelled 
by changing the finite elements excavated during the previous period of TBM activity to 
“void” elements (zero stiffness and infinite permeability). Due to the pressure applied to 
the excavation front, pore water pressure increased. As a result of a discussion held 
during a Task Force Meeting, the Modelling Team argued that, even if the pressure 
applied to simulate the thrust of the TBM was in fact excessive, similar pore water 
pressure increases could be obtained with an increase of temperature of 3°C (due to 
thermal effects during the tunnel excavation).  
    DOE: The tunnel excavation was modelled using 4 excavation phases using an 
element death option included in the JAS3D code. As the simulation of tunnel 
excavation proceeded, pore water pressure was set to atmospheric value. 
    IPS: The tunnel excavation was modelled varying the effective forces and the pore 
water pressures at the boundary of the 2D cross section of the tunnel considered. Since 
the analysis carried out by this Modelling Team was mainly concerned with theoretical 
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aspects, instead of calibrations a number of sensitivity analyses for the values of the 
parameters were carried out. 
    JNC: The tunnel excavation was modelled using 7 excavation phases. As the 
simulation of the tunnel excavation proceeded, pore water pressures were set to zero at 
the newly created tunnel surfaces.  
    SKB: The tunnel excavation was using 9 excavation phases. In the simulation rock 
was removed and the mechanical effects were calculated. The Modelling Team points 
out that perhaps the tunnel section considered (with a square cross section) could have a 
bad influence on the quality of the predictions. 
    SKI: The tunnel excavation was modelled using 12 excavation phases. The 
simulation of the excavation included 2 steps: (1) Young’s modulus of the excavated 
elements are set to zero and (2) internal stresses and pore water pressure are reduced to 
zero in 10 hours (duration of a work shift). 
 
 
4.3.6 Summary of the modelling approaches 
 
    In order to facilitate the understanding of the results provided by the teams, this 
section provides a summary with the main features of the approaches followed by the 
each team. In as much as possible, a common structure has been used in all these 
summaries (modelling hypotheses, equations solved and programs used), based on the 
teams’ reports. 
 
 
Approach followed by ANG 
 
Water inflow + pore pressure evolution 
 
a) General modelling features 
− Dimensions: 3D HM analysis. 
− Couplings: full HM. 
− Materials: 3D rock mass and 2D entities (lamprophyres and K2+L system). 
− Excavation: 27 phases, using an activation-deactivation method. 
 
b) Additional assumptions 
− Horizontal minimum stress oriented at 45° with the tunnel axis.  
 
c) Equations solved 
− Water mass balance + Darcy’s law. 
− Balance of momentum for the porous medium. 
 
e) Main constitutive features 
− Mechanical: 3D rock mass: isotropic poroelasticity for Terzaghi’s effective 

stress. 2D entities: rigid 2D. 
− Hydraulic: 3D rock mass: Darcy’s law with anisotropic permeability. 2D 

entities: 2D Darcy’s law. 
 
f) Programs used 
− ANTHYC 3D (finite volume method code developed at G3S). 
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Approach followed by ANN 
 
Water inflow 
 
a) General modelling features 
− Dimensions: 3D H analysis (steady state). 
− Materials: 3D continuum blocs + 12 2D fractures (lamprophyres, S1+S2, K2). 
 
b) Additional assumptions 
− Water flows only through 1D elements (pipes) on fractures and their intersections 
c) Equations solved 
− Water mass balance + Darcy flow (on a network of pipes) 
 
d) Main constitutive features 
− Permeability in 1D pipes depend on fracture opening. 
 
e) Programs used 
− 3FLO (commercial finite element code) 
 
Water inflow + pore water pressure evolution 
 
f) General modelling features 
− Dimensions: 3D HM analysis (without transients due to change in geometry). 
− Couplings: one-way M→H. 
− Materials: 3D continuum blocs + 12 2D fractures (lamprophyres, S1+S2, K2). 
− Excavation: 4 phases. 
g) Additional assumptions 
− Water flows only through 1D elements (pipes) on fractures and their intersections. 
− Minimum principal stress is oriented at 20-30° with the tunnel axis (parallel to 

S2). 
h) Equations solved 
− Water mass balance + Darcy flow (on a network of pipes). 
− Balance of momentum for the medium. 
i) Main constitutive features 
− Mechanical: Elastic blocs limited by fractures 
− Hydraulic: Permeability in 1D pipes depends on fracture opening. 
j) Programs used 
− Mecanical: 3DEC (commercial, distinct elements code) 
− Hydraulic: 3FLO (commercial, finite elements code). 
 
 
Approach followed by CNS 
 
Water inflow 
 
a) General modelling features 
− Dimensions: 3D H analysis. 
− Materials: Rock mass and 3D entities (3 fracture zones and 2 lamprophyres). 
− Excavation: 4 phases. 
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b) Equations solved 
− Water mass balance + Darcy flow. 
 
c) Main constitutive features 
− Darcy’s law. 
 
d) Programs used 
− COSMOS/M (commercial finite element code) 
 
 
Water inflow + pore water pressure evolution 
 
e) General modelling features 
− Dimensions: 3D HM analysis. 
− Couplings: full HM. 
− Materials: Rock mass and 3D features (3 fracture zones and 2 lamprophyres). 
− Excavation: 4 phases (at daytime shifts, simulation of the TBM thrust on the 

front) 
 
f) Additional assumtions 
− Minimum horizontal principal stress parallel to the tunnel axis.  
 
g) Equations solved 
− Water mass balance + unsaturated Darcy flow 
− Balance of momentum for the medium. 
 
h) Main constitutive features 
− Mechanical: Linear poroelasticity for Bishop’s effective stress. 
− Hydraulic: retention curve: van Genuchten’s law (case def.). Sat. wat. perm.: 

anisotropic. Rel. wat. perm.: van Genuchten’s law (case def). 
i) Programs used 
− FRACON (finite elements, Canadian Atomic Energy Control Board & McGill 

University) 
 
 
Approach followed by DOE 
 
Water inflow + pore water pressure evolution 
 
a) General modelling features 
− Dimensions: 3D HM analysis. 
− Couplings: one-way M→H. 
− Materials: Rock mass, shear zone, “en echelon” fractures and 2 lamprophyres. 
− Excavation: 4 phases (instantaneous excavation) 
 
b) Additional assumptions 
− Minimum horizontal stress parallel to the tunnel. 
 
c) Equations solved 
− Water mass balance + Unsaturated Darcy flow. 
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− Balance of momentum for the porous medium. 
 
d) Main constitutive features 
− Mechanical: Compliant Joint Model (non-linear model considering matrix and 

joints) 
− Hydraulic: retention curve: van Genuchten’s law (case def.). Permeability: 

depends on Sr and fracture opening. 
 
 
 
e) Programs used 
− Mechanical: JAS3D (finite element code developed at Sandia National 

Laboratories). 
− Hydraulic: TOUGH2 (commercial integral finite differences code). 
 
 
Approach followed by IPS 
 
Water inflow + pore water pressure evolution 
 
a) General modelling features 
− Dimensions: 2D plain strain HM analysis. 
− Couplings: full HM. 
− Materials: Rock mass. 
− Excavation: decay of the element representing the tunnel. 
 
b) Equations solved 
− Water mass balance + Darcy flow. 
− Balance of momentum for the equivalent continuum. 
 
c) Main constitutive features 
− Mechanical: poroelasticity for Terzaghi’s effective stress. 
− Hydraulic: Darcy’s law. 
 
d) Programs used 
− A finite element code. 
 
e) Remarks 
− Although some simple calculations have been carried out, the contribution of the 

Modelling Team has been a theoretical understanding of the problem. As a result 
of this work, some useful conclusions for the modelling of this problem have been 
derived. 

 
 
Approach followed by JNC 
 
Water inflow + pore water pressure evolution 
 
a) General modelling features 
− Dimensions: 3D HM analysis. 



 45

− Couplings: full HM. 
− Materials: Rock mass and lamprophyre. 
− Excavation: 7 phases. 
 
b) Equations solved 
− Water mass balance + unsaturated Darcy flow. 
− Balance of momentum for the equivalent continuum. 
 
 
 
c) Main constitutive features 
− Mechanical: Non-linear anisotropic continuum (Oda’s crack tensor theory 

combined with Barton-Bandis model for joints). 
− Hydraulic: Anisotropic heterogeneous continuum. 
 
d) Programs used 
− THAMES (finite element code) 
 
e) Remarks 
− The rock mass includes the S1+S2, S3, K2 and K3 fracture systems, whereas the 

lamprophyre includes its fracture system. 
− Hydraulic heterogeneity is determined by means of a kriging procedure. 
 
 
Approach followed by SKB 
 
Water inflow 
 
a) General modelling features 
− Dimensions: 3D H analysis. 
− Materials: Rock mass, 4 fracture zones and 2 lamprophyres. 
 
b) Equations solved 
− Water mass balance + Darcy flow. 
 
c) Main constitutive features 
− Anisotropic permeability. 
 
d) Programs used 
− ABAQUS (commercial finite element code). 
 
Water inflow + pore water pressure evolution 
 
e) General modelling features 
− Dimensions: 3D HM analysis. 
− Couplings: full HM. 
− Materials: Rock mass, 4 fracture zones and 2 lamprophyres. 
− Excavation: 9 phases (elimination of excavated elements). 
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f) Additional assumptions 
− Minimum principal stress oriented parallel to the tunnel axis. 
 
g) Equations solved 
− Water mass balance + unsaturated Darcy flow. 
− Balance of momentum for the porous medium. 
 
h) Main constitutive features 
− Mechanical: Linear poroelasticity for Bishop’s effective stress. 
− Hydraulic: Darcy’s law with anisotropic permeability. 
 
i) Programs used 
− ABAQUS (commercial finite element code). 
 
 
Approach followed by SKI 
 
Water inflow + pore water pressure evolution 
 
a) General modelling features 
− Dimensions: 3D HM analysis. 
− Couplings: full HM. 
− Materials: 5 zones (far field rock mass, near field rock mass between highly 

conductive zones, shear-breccia, lamprophyre dyke and a fracture). 
− Excavation: 12 phases (daytime shifts taken into account). 
 
b) Additional assumtions 
− Minimum principal stress oriented at 45° with the tunnel axis.  
 
c) Equations solved 
− Water mass balance + unsaturated anisotropic Darcy flow + vapour flux 
− Balance of momentum for the porous medium. 
 
e) Main constitutive features 
− Mechanical: Linear poroelasticity for Bishop’s effective stress. 
− Hydraulic: Anisotropic permeability. 
 
f) Programs used 
− ROCMAS (finite element code developed at Lawrence Berkeley National 

Laboratory). 
 
g) Remarks 
− The initial stress field was varied with respect to the values given in the case 

definition in order to improve the match between the predicted and the measured 
pore water pressure evolutions. 
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4.4 Relevant physical phenomena 
 
    The modelling work carried out by the Teams provided insight into the relevance of 
physical phenomena such as liquid flow or mechanical deformation to the problems to 
be solved. Particularly useful were the discussions among the Teams during the various 
Task Force Meetings. 
 
 
4.4.1 Total water inflow to the test zone 
 
    As the hydro geological characterisation carried out by UPC (Guimerà, et al., 1998) 
reveals, the rock mass surrounding the FEBEX tunnel has a rather involved distribution 
of cracks. This zone was explored by a number of instrumented boreholes, in which 
hydro geological tests were carried out. The surface of the test zone of the FEBEX 
tunnel was carefully examined and a map with the distribution of water inflows to the 
tunnel was prepared. In this case, the flow through fractures was of the same order of 
magnitude as the flow through the rock matrix. Using this information, Guimerà, et al., 
(1998) prepared a hydro geological model, in which several important fractures were 
specifically considered, whereas the rest were included in an equivalent continuum. 
    Based on the results of several fully coupled hydro-mechanical models prepared by 
the Teams, it may be concluded that the features of the zone surrounding the FEBEX 
tunnel are such that the total water inflow may be determined by properly calibrating a 
hydraulic model. That is, the mechanical effect that the excavation of the tunnel had on 
the hydraulic features of the surrounding rock, such as opening or closing of fractures 
could be neglected when determining the total water inflow to the tunnel. In this case, a 
good calibration of the hydraulic conductivity is necessary in order to get accurate 
results. 
    On the other hand, even if there is a non-negligible hydro-mechanical coupling, it is 
possible to prepare a simple hydraulic model with a value for the permeability such that 
the predicted total water inflow to the test zone coincides with the measured one. The 
only way to assess the performance of such a model would be to compare the predicted 
and measured values for other variables relevant to the problem at hand, such as the 
time evolution of the total water inflow or the total water inflow through the 
lamprophyre. However, it can always be argued that models should be conceived 
bearing in mind the results that are expected to provide. 
 
 
4.4.2 Water pressure response to tunnel excavation 
 
    As the excavation of the FEBEX tunnel was taking place, a consistent relation 
between water pressure variations and TBM activity was observed in some packed-off 
segments of a borehole sub parallel to the FEBEX tunnel. Specifically, during periods 
of TBM activity water pressure increased, whereas in periods of inactivity water 
pressure decreased. 
    From the analyses carried out by the teams and the ensuing discussions during the 
Task Force Meetings, several possible explanations to the aforementioned correlation 
were proposed. The explanation that appears to be more satisfactory is that the initial in 
situ stress field was such that, when the tunnel was drilled some zones experienced a 
decrease of volume, whereas some other experienced an increase of volume. On the 
other hand, the rate of the tunnel drilling and the permeability appear to determine both 
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the rate of increase and decrease of pore water and, consequently, the magnitude of the 
pressure peak. In fact, whereas in one interval a marked pore water pressure variation 
was recorded, in a neighbouring interval this variation was much smaller that the 
former. 
    Consequently, in this case it is important to take into account a full hydro-mechanical 
coupling, whereby both the initial in situ stress field (leading to a decrease in volume in 
the appropriate zones) and the hydraulic conductivity (determining, together with the 
evolution of the excavation, the rates of pore water pressure variations) should be 
properly calibrated and the excavation rate suitably reproduced.  
 
 
4.4.3 Summary of the relevant physical phenomena 
 
    In order to explain the success of the numerical predictions provided by the various 
teams, the physical processes shown in Table 4.2 are considered. As explained above, 
these physical processes have a direct influence on the evolutions and distributions of 
the variables requested in the case definition. 
    In the next section, the consideration of these physical phenomena by the modelling 
approaches followed by the various teams will be examined. 
 
 
4.5 Comparison of predictions with experimental data 
 
    Although Task 1 was conceived as a “blind” modelling exercise, the various Task 
Force Meetings became “learning” forums, whereby both teams and coordinator 
exchanged views and experiences. 
    For each of the three parts in which Task 1 was divided, teams were first asked to 
provide “blind” predictions, which were subsequently compared against the 
corresponding experimental data. Then, after having disclosed the experimental data, 
teams could improve their predictions. Therefore, teams were required to submit two 
types of predictions: “blind” predictions and “latest” predictions. The “blind” 
predictions for Part A were the numerical predictions performed before the measured 
experimental data were disclosed to the teams. These “blind” predictions are very 
valuable, as they address the problem in the same way that it would be addressed in real 
instances.   
    In order to reflect both the “learning” and the “blind” aspects of Task 1, we have 
compared the experimental data with both the “latest” and the “blind” predictions. On 
the other hand, since the modelling approaches presented before are based on the last 
version of the corresponding teams’ reports, which are included as Appendices, we will 
only make comments to the “latest” predictions. 
    Finally, in order to ease the comparison between “latest” and “blind” predictions, 
both the comparison plots with “latest” and the comparison plots with “blind” 
predictions have been arranged following exactly the same scheme. As explained later 
on, corresponding figures will have the same number and will only differ by a 
distinctive letter adjoined to the number.   
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4.5.1 Comparison with “latest” predictions 
 
    In this subsection, the “latest” numerical predictions by the teams will be compared 
with the corresponding measured values. Comparisons and comments will be divided 
according to the two types of predictions requested in Part A, namely, total water inflow 
to the test zone and water pressure response to tunnel excavation.  
 
 
4.5.1.1 Total water inflow to the test zone 
 
    Total water inflow in the test zone (which extends along 17.40 m from longitudinal 
coordinate 54.00 to 71.40 m along tunnel axis) was measured by two techniques 
(absorbing pads on selected points of the tunnel wall and small gauge measuring of 
overall leaked water) at different dates in the period January-May 1996, once the tunnel 
was fully excavated. 
    The second technique involved discrete measurements at selected points on the 
FEBEX tunnel by means of absorbing pads. The absorbing pads were weighted before 
and after their placement in order to determine the volume of leaked water. Division of 
the water volume by the corresponding time of application yielded an estimation of the 
water input flow at that point. With this information, it was possible to know the 
distribution of water input flow on the wall of the FEBEX tunnel. 
    The surface of the test zone of the FEBEX tunnel was divided into three types of 
zones: (1) the granite matrix (surface), (2) fracture zones (lines) and (3) well-defined 
water inflow points (points). According to the water inflow, a rank was also assigned to 
these zones: ranks 0 and 1 to the matrix, ranks 2, 3 and 4 to the fractures and ranks 5 
and 6 to the well-identified points. Table 4.3 shows the water inflow assigned to each 
rank, indicating in each case the reference used to measure it.   
 
 
Table 4.3: Assignment of water inflows to ranks, and computation of the various 
components of the total water inflow (F. Ortuño, personal communication). 
Rank Specific water 

inflow 
Reference used Area, length 

or points 
Total water 
inflow 

0 3.0x10-10 m3/s/m2 Point B FEBEX tunnel 75 m2 2.25x10-8 m3/s
1 7.0x10-10 m3/s/m2 L490 ventilation tunnel 18 m2 1.26x10-8 m3/s
2 1.5x10-9 m3/s/m Average of ranks 1 and 3 6.21 m 9.31x10-9 m3/s
3 3.0x10-9 m3/s/m Point A FEBEX tunnel 3.62 m 1.09x10-8 m3/s
4 5.0x10-9 m3/s/m Points C, D FEBEX tunnel 1.54 m 7.69x10-9 m3/s
5 1.0x10-8 m3/s Measured 5 points 5.00x10-8 m3/s
6 1.7x10-8 m3/s Measured 1 point 1.67x10-8 m3/s

    1.30x10-7 m3/s
 
 
    The total water inflow into the FEBEX tunnel may be estimated to be 1.30x10-7 m3/s 
(about 7.8 ml/min). The total water inflow is made of the contributions coming from: 
(1) the matrix with an inflow of 3.51x10-8 m3/s, (2) the fractures with an inflow of 
2.79x10-8 m3/s and (3) the well-identified points with an inflow of 6.67x10-8 m3/s. From 
these results, it may be concluded that: (1) about the 27% of the water inflow is through 
the matrix (this flow, usually not considered, is important in this case) and (2) about the 
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51% of the water inflow is through well-identified points (conventional methods 
measure only this flow). 
    The radial inflow into the tunnel was also estimated by means of the application of 
analytical expressions from well hydraulics, such as the Thiem formula: 
 

( )
2

ln
hQ

R r
π∆

=                                                                                                                 (4.1) 

 
where Q is the water inflow per unit length of well, T is the transmissivity, ∆h is the 
head drop between a point located at a distance R from the well center and a point 
located at a distance r (on the well surface). This and similar formulae were employed 
with data obtained from the tests carried out in the instrumented intervals located on the 
FEBEX 95.001 and FEBEX 95.002 boreholes.   
    It is remarkable that the different measuring and estimation procedures mentioned 
produced similar inflow rates, in the range from 4.5 to 8.5 ml/min. This is shown in 
Table 4.4, which provides the actual values for each of the different measuring 
procedures. Also included in the table are the predictions by the different teams. Some 
of the predictions are quite accurate and a large proportion of the teams find inflow rates 
in close proximity of the measured values. 
    In general, all teams predicted values that were in the order of magnitude of the 
measured value of about 7.8 ml/min. Moreover, most teams (ANN, CNS, DOE, SKB 
and SKI) made good predictions. Largest deviations below or above measurements  
(ANG, IPS, JNC) are, however, not specially serious in view of the high uncertainties 
commonly associated with in situ permeability properties and the overall complexity of  
the problem. 
 
 
Table 4.4: Comparison of experimental values with “latest” predictions for total water 
inflow to the FEBEX tunnel at day 100. (*) The prediction by ANG refers to day 45. 

Measurements (Guimerà et al., 1998) Q 
(ml/min)

Team Q 
(ml/min)

Estimation before tunnel excavation 8.0 ANG (*) 0.13 
   (borehole hydrotests + steady state radial flow formulae)  ANN 6.45 
Discrete flow measurement during tunnel excavation 8.5 CNS 10.10 
   (absorbing pads on selected points of the tunnel wall)  DOE 10.10 
Bulk flow measurement in January 1996 4.5 IPS 34.53 
   (small gauge measuring the overall leaked water)  JNC 0.39 
Discrete flow measurment in April 1996 7.5 SKB 7.01 
   (absorbing pads on selected points of the tunnel wall)  SKI 6.94 
Bulk flow measurement in May 1996 6.7   
   (small gauge measuring the overall leaked water)    
 
 
    It should be noted that, from the three teams (ANN, IPS, SKB) that provided “blind” 
(without knowing the experimental value) predictions, only one (SKB) gave a good 
value. It should be mentioned that, after the experimental value was disclosed, ANN 
team found a calibration mistake that, when fixed, yielded a good prediction. The 
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aforementioned results might indicate that, even if the problem may be appropriately 
modelled as a pure hydraulic problem, the corresponding model calibration is not a 
straightforward matter. 
 
 
4.5.1.2 Water pressure response to tunnel excavation 
 
    In this subsection, the “latest” numerical predictions for the water pressure response 
to tunnel excavation in intervals P3 and P4 will be presented in graphical form in 
Figures 4.2-4.5. In these plots, pore water pressure (in MPa) and tunnel drilling advance 
(in m) are plotted as a function of time. The position of the measuring intervals along 
borehole FEBEX 95.002 is indicated in each of the comparison plots by a vertical 
segment (P3 or P4) that spans the appropriate tunnel metering. The position of the P3 or 
P4 segment with regard to the tunnel drilling history indicates the relative position of 
tunnel face and measuring borehole interval for different dates. 
    In the comparison plots, the predictions by each team will be identified using the 
corresponding symbol, colour and 3-character code shown in Table 1.1 of Chapter 1. 
Measured data is identified with the acronym UPC, which corresponds to the 
coordinator. For clarity, figures have been split in two parts, whereby predictions by 
ANG, ANN, CNS and DOE against experimental data are shown in the first part of the 
figure and predictions by IPS, JNC, SKB and SKI against experimental are shown in the 
second part of the figure. 
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Figure 4.2:Evolutions of pore water pressure in Borehole FEBEX 95.002 at interval P4  
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Figure 4.3: Evolutions of pore water pressure in Borehole FEBEX 95.002 at interval 
P4. 

Fel!

0.50

0.60

0.70

0.80

0.90

1.00

23-oct-95 24-oct-95 25-oct-95 26-oct-95 27-oct-95 28-oct-95

Time (day)

Pr
es

su
re

 (M
Pa

)

45

50

55

60

65

70

75

Tu
nn

el
 m

et
er

s 
(m

)

ANG ANN

CNS DOE

UPC tunnel drilling P3

 
 
Figure 4.4: Evolutions of pore water pressure in Borehole FEBEX 95.002 at interval 
P3 
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Figure 4.5: Evolutions of pore water pressure in Borehole FEBEX 95.002 at interval 
P3   
 
    In order to fully appreciate the reasons for the performance of a given model, 4 key 
factors were identified, namely: (1) initial stresses; (2) full hydro-mechanical coupling; 
(3) permeability; and (4) realistic excavation process. Since permeability was calibrated 
during the prediction of the total water inflow to the test tunnel (particularly after the 
measured values were disclosed), we will direct our attention to the other three factors. 
As shown in Table 4.6, each Modelling Team considered these factors in different 
ways, a fact that may explain the success of the various predictions. 
 
 
Table 4.6: Consideration of couplings and some key factors by the Teams. The 
abbreviation “magn.” (respectively, “orient.”) refers to the consideration of an initial 
stress field σ0 whose principal stresses have magnitudes (respectively, orientations) in 
the range given in the case definition.  

Team couplings dimens σ0 HM excavation 
   magn. orient.  (phases) 
ANG M↔H 3 YES YES • 27 
ANN M→H 3 YES YES  4 
CNS M↔H 3 YES NO • 5 
DOE M→H 3 YES NO  4 
IPS M↔H 2 YES – • – 
JNC M↔H 3 ? ? • 7 
SKB M↔H 3 YES YES • 8 
SKI M↔H 3 NO NO • 12 
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    The early time water pressure measurements at P3 and P4, when tunnel drilling 
operations were not directly affecting the measuring intervals (25th of September to, say, 
20th of October, 1995), showed a steady but slow decrease in pressure, especially in 
later times (5th of October to 20th of October). Pressure was therefore fairly stabilized at 
0.66 MPa at P4 and 0.76 MPa at P3 when the effect of tunnel drilling began to be 
noticed. 
    The response of interval P3 to tunnel drilling (see Figures 4.4 and 4.5) was a slight 
increase in pore water pressure as the tunnel face became closer to the position of P3 
interval, followed by a continuous decay in pressure even if the tunnel face position was 
within the range of P3. This behaviour is attributed to more pervious fracture zones 
connecting P3 and the tunnel surface. By contrast, readings at P4 showed a fast increase 
in pore water pressure directly connected with the periods of tunnel drilling (see Figures 
4.2 and 4.3). The periods of drilling inactivity (night shifts, weekends and an 
approximate period of 14 hours the 25th of October 1995 can be identified in the 
previous Figures) was immediately reflected in a transient decay in pore water pressure. 
Once the tunnel face had gone beyond the P4 interval, a progressive decay of pore water 
pressure was monitored. 
    In general, the teams had difficulties in modelling this problem. the Teams that 
provided “blind” predictions (IPS and SKB) were unable to reproduce the peaks at 
interval P4. The predictions made by the Teams after the experimental curves were 
disclosed were generally poor, with the exception of two good predictions (CNS and 
SKI) and a fair prediction (ANG). The patterns of prediction are now very different 
from team to team. These differences are explained by the nature of the models being 
used and other computational details, such as the orientation and intensities of assumed 
initial stress. 
    Take, for instance, the response of P4. Some computational models (such as ANN, 
DOE, IPS, JNC and SKB) do not show any increase in pore water pressure. ANG 
predicts sharp transient responses for a relatively extended period of time but their sign 
are the opposite to those of actual measurements: predicted pressure decrease during 
excavation times and increase during periods of inactivity). CNS predicts transient 
changes in pore water which follow the measured trends, although their model predict a 
rapid dissipation and negative values of pore pressures once the tunnel goes beyond 
section P4. SKI presents more accurate predictions, although, as discussed in this report, 
the selected “in situ” stress field does not correspond with available information. P3 
offers a less discriminating set of measurements since it essentially exhibited a 
progressive decay of pore water pressure after a small increase associated with the 
initial proximities of the tunnel face to one of the extremes of the measuring intervals. 
Similar comments to the results at P4 could also be made. 
    The long term reaction of the pressure measured in the borehole sections P3 and P4 is 
to show a steady decrease since the excavation of the tunnel implies a neighbouring 
boundary at a given relative humidity (the RH prevailing in the FEBEX tunnel prior to 
the buffer and heater installation). Most of the models show this trend although the rates 
of water pressure decay may change. 
    Predictions without a full hydro-mechanical coupling (ANN, DOE and IPS) are 
characterised by a monotonous decrease in pore water pressures between the 
corresponding initial and final steady states. Since the full hydro-mechanical coupling is 
lacking, compressions (extensions) in the rock mass due to the excavation of the tunnel 
do not generate increases (decreases) of pore water pressure. These predictions indicate 
the need of a full hydro-mechanical coupling. 
    Predictions with full hydro-mechanical coupling (ANG, CNS, JNC, SKB and SKI) 
were able to predict non-monotonous pore water pressure evolutions. However, several 
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distinctive features among these predictions could be noticed. Some predictions (ANG 
and a preliminary prediction by SKI) behave in a way opposite to the observed one, that 
is, during tunnel excavation periods, water pressure decreased. Some predictions (CNS 
and SKB) had both pressure increases and decreases during tunnel excavation periods. 
A prediction (JNC) showed a very different behaviour for interval P3 (decrease in pore 
water pressure followed by a slight increase) than for interval P4 (decrease in pore water     
pressure followed by a recovery of the initial pressure). These predictions indicate that, 
besides a full hydro-mechanical coupling, there must be other factors that should be 
considered. 
    The influence of the initial stresses was analysed by two Teams (IPS and SKI). In 
what follows, only a brief summary of the main results is given. Further details may be 
found in their Modelling Reports (included in the Present Report as Annexes) and in 
Rutqvist et al. (2003). IPS carried out a plain strain 2D analysis with full hydro-
mechanical coupling, in which initial anisotropic stresses were considered, where it was 
shown that in a cross section of the tunnel there were zones of compression and zones 
of extension. As a consequence, a change in the orientation of the initial stresses such 
that the considered intervals P3 and P4 were located in compression zones could help in 
reproducing the observed pore water pressure peaks. SKI carried out a 3D analysis with 
full hydro-mechanical coupling, in which the initial stresses were suitably adjusted, 
where it was shown that it was possible to follow quite closely the observed behaviour. 
Therefore, the initial stresses were identified as a key factor in explaining the observed 
behaviour. It should be mentioned that, although these initial stresses were quite 
different from the initial stresses that could be expected according to the information 
available, the presence of shear zones and lamprophyre inclusions in the zone 
surrounding the test area could lead to widely inhomogeneous stress distributions. 
 
 
4.5.2 Comparison with “blind” predictions 
 
    In this subsection, the “blind” numerical predictions by the teams will be compared 
with the corresponding measured values. As indicated earlier, no specific comments 
will be made to these comparison plots with “blind” predictions because the various 
modelling approaches that have been presented above are based on the latest version of 
the teams’ reports which are included as Appendixes to this report. 
 
 
4.5.2.1 Total water inflow to the test zone 
 
    Only three Teams (ANN, IPS and SKB) submitted “blind” predictions. In Table 4.5, 
their predictions are compared with several experimental measurements. 
 
 
4.5.2.2 Water pressure response to tunnel excavation 
 
    Only two teams (IPS and SKB) submitted “blind” predictions, as shown in Figures 
4.6 and 4.7. Comparison plots are arranged in the same way as the comparison plots 
with “latest” predictions, whereby each Figures 4.6 and 4.7 of “blind” predictions 
contains the information corresponding to Figures 4.2 – 4.5 of the set of “latest” 
predictions included in the subsection 4.5.1.  
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Table 4.5: Comparison of experimental values with “blind” predictions for total water 
inflow to the FEBEX tunnel at day 100. 

Measurements (Guimerà et al., 1998) Q 
(ml/min)

Team Q 
(ml/min)

Estimation before tunnel excavation 8.0 ANG – 
   (borehole hydrotests + steady state radial flow formulae)  ANN 73.27 
Discrete flow measurement during tunnel excavation 8.5 CNS – 
   (absorbing pads on selected points of the tunnel wall)  DOE – 
Bulk flow measurement in January 1996 4.5 IPS 34.53 
   (small gauge measuring the overall leaked water)  JNC – 
Discrete flow measurment in April 1996 7.5 SKB 7.01 
   (absorbing pads on selected points of the tunnel wall)  SKI – 
Bulk flow measurement in May 1996 6.7   
   (small gauge measuring the overall leaked water)    

 
 

0.50

0.60

0.70

0.80

0.90

1.00

23-oct-95 24-oct-95 25-oct-95 26-oct-95 27-oct-95 28-oct-95

Time (day)

Pr
es

su
re

 (M
Pa

)

45

50

55

60

65

70

75

Tu
nn

el
 m

et
er

s 
(m

)

IPS
SKB
UPC
tunnel drilling

P4

 
Figure 4.6: Evolutions of pore water pressure in Borehole FEBEX 95.002 at interval 
P4. 
 
 
4.6 Discussion and conclusions 
 
    Widely different models for water inflow were used. Some teams (ANN, CNS, SKB) 
used uncoupled hydraulic transient models to solve the first part of the exercise, 
whereas others (ANG, DOE, SKI) used a coupled HM modelling. It does not seem that 
the mechanical coupling introduces any advantage in this case. In fact, the reason for  
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Figure 4.7: Evolutions of pore water pressure in Borehole FEBEX 95.002 at interval 
P3. 
 
 
some of the better predictions (such as SKB calculation) may be associated with 
previous calibration of the model using other hydraulic data in the same area. Some 
models describe water circulation in the rock by means of discrete features (tubes, 
channels such as ANN) as equivalent porous media for different zones (such as DOE, 
SKI) and others combine porous medium and discrete fractures (ANG, ANN). Again 
the overall results do not show a particular advantage of a given conceptualisation. 
Some of the calculations (such as CNS and SKI) provide the proportion of flow rates 
attributed to different origins (matrix, fracture zones). The distribution of measured 
water inflow rates along the tunnel axis provides a first approximation to the relative 
proportions of flow though discrete fractures/shear zones and the matrix or distributed 
flow (Figure 4.8). Such a detailed prediction was not part of the exercise but some 
teams have provided the relative proportions of water inflow rates arriving into the 
tunnel through different paths. 
    Pore water pressure changes in the vicinity of the tunnel excavation are a direct 
consequence of changes in the volumetric strain of the rock. Later pore water pressure 
dissipations are a consequence of the transition flow towards a new equilibrium which 
now has a modified boundary condition (the tunnel surface) in the vicinity. Therefore, 
fully coupled hydro mechanical analyses are required to try to capture actual 
measurement. In fact, one coupling (hydraulic parameters updated as the rock mass 
deforms) is not capable of reproducing the observed behaviour. 
    However, the case has demonstrated that even if a fully HM coupled model is used, 
the difficulties to capture the actual pore pressure of the granite mass are very high. It 
was well established during discussion sessions held at the Task Force meetings that the 
volumetric behaviour of the rock in the vicinity of the tunnel depends critically on two 
aspects: the orientation and the intensity of the initial stress field. This was shown by 
2D analysis (IPS) as well as 3D analysis (SKI). In situ stresses show often a large  
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Figure 4.8: Results of extensive measurements arranged in rows (sections) and their 
relationships to geological structures (Guimerà et al, 1998). 
 
 
variability. Field determinations at Grimsel suggest that the major principal stress at the 
location of the FEBEX tunnel is horizontal (around 30 MPa), whereas the minor 
principal stress may be considered vertical and defined by geostatic conditions (around 
10 MPa). The intermediate principal stress, also horizontal, may reach intermediate 
(around 15 MPa) values, but remains substantially higher than the vertical stress. It was 
shown (see, for instance, the SKI analysis) that this particular distribution of initial 
stress leads to results which are opposite in trend to the actual measurements (dilation of 
the rock, instead of compression is computed at the borehole P3 and P4 locations). A 
similar result was obtained by IPS, as already explained. In order to match the actual  
measurements, changes in the intensity of the vertical stress and on the direction of  
principal horizontal stresses had to be introduced. Moreover, the same initial stress field 
does not seem to be valid to reproduce results at P3 and P4, although a more  
comprehensive exploration of the effect of orientation and intensity of the initial stress 
field may provide a more accurate picture of the rock behaviour. It should be added that 
local conditions at P3 and P4 do not seem to be the same since a more previous zone 
(which reduces the trend for a rapid initial increase in pore pressure) is present in P3. 
The finite length of the measuring intervals allows also an easy connectivity between 
pervious and impervious zones. Other reasons invoked to explain the features of the 
observed pore pressure changes (effect of TBM thrust, heat generated at the excavation 
phase) were also discussed at the meetings. The available evidence suggests that these 
are secondary effects. 
    From the the modelling work and discussions carried out by the teams involved in 
Part A of Task 1 of the DECOVALEX IIII Project, we may extract the following 
conclusions: 
 
a) Total water inflow to the test zone 
 
− The modelling work carried out by the teams allowed to identify the physical 

phenomena relevant to this case. In this case, the mechanical coupling turned out 
to be negligible. Consequently, this problem may be conveniently modelled using 
just a hydraulic model. 
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− Only 3 predictions were provided in “blind” conditions. One of them was close to 
the measured value, whereas the remaining two were within one order of 
magnitude apart. 

− All the final predictions provided were reasonably close to the measured value. 
From these predictions, 5 were good, whereas the remaining 3 were acceptable. 

 
b) Water pressure response to tunnel excavation.  
 
− The modelling work carried out by the teams and the ensuing discussions during 

the project allowed to identify the physical phenomena as well as the main factors 
relevant to this case. In this case, a hydro-mechanical coupling proved 
unavoidable. It should be mentioned that, among the aforementioned factors, the 
initial in situ stresses had an important qualitative role in the solution. 

− Only 2 predictions were provided in “blind” conditions. None of them were able 
to reproduce the observed increases in pore water pressure. 

− The success of the final predictions in reproducing the observed behaviour was 
manifold. There were two good predictions (one of them being very good) that 
were able to reproduce pressure increases and decreases more or less similar to 
the observed ones. Another prediction was able to reproduce pressure increases 
and decreases similar but opposite to the observed ones. The extant 5 predictions 
were not able to get a reasonable agreement with the observed behaviour. 

 
    As a final remark, it should be noticed that, in general, the quality of predictions (and 
the number of them) increased when the experimental results were made available to the 
teams. However, because the features of these types of problems will depend strongly 
on the particular case to be solved, modellers will be unavoidably faced with “blind” 
predictions.   



5. Part B of Task 1: case definition 
 
 
5.1 General description of the test  
 
    The “in situ” FEBEX test consists o f a full-scale simulation of a HLW disposal 
facility, in keeping with the ENRESA AGP Granito (Deep Geological Disposal, 
Granite) reference concept. Performance of this test implied the placing of two electrical 
heaters, of dimensions and weight equivalent to those of the canisters in the concept, in 
a 2.28 m diameter drift excavated in granite, the entire space surrounding the heaters 
being filled with blocks of compacted bentonite to complete the 17.4 m of barrier for 
the test section. This test zone was closed with a concrete plug. The test has been 
installed in the underground laboratory managed by NAGRA, located in Grimsel 
(Switzerland), because of the similarity between the Spanish and Swiss reference 
concepts. Figure 5.1 shows the general scheme of the FEBEX in situ test. 
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Figure 5.1 General scheme of the FEBEX in situ test. 
 
 
    In addition to the clay barrier, made up of 5331 bentonite blocks with a total mass of 
115.7 t, and the heaters, 632 sensors of very diverse types were installed. The sensors 
were installed to monitor the different thermo-hydro-mechanical processes that occur in 
both the clay barrier and the surrounding rock throughout the entire life of the test. In 
principle, a heating stage of more than three years is planned, followed by dismantling 
of the test for performance of the appropriate tests and analyses. A series of artificial 
chemical tracers, specimens of different metals, and gas collectors were installed in the 
test zone for the study of corrosion and transport phenomena. 

 60



    A drift was specifically excavated for this test, in an area previously selected in 
accordance with the existing Grimsel laboratory database. To provide additional 
information, two exploratory boreholes were drilled in the area, practically parallel to 
the planned trace of the drift (see Chapter 3). 
    Following excavation of the drift, a detailed reconnaissance of its geometry and 
geology was performed and 19 boreholes were drilled from its interior, to monitor the 
rock mass. 
    A detailed hydrogeological study of the rock mass surrounding the drift was 
performed, using data taken from the existing boreholes in the area, the two boreholes 
made for the study, the walls of the drift, and the 19 boreholes drilled from the interior 
of the drift. 
    The test has been designed to function in an autonomous mode. Supervision, 
monitoring, and control are accomplished remotely from Madrid. 
    The underground laboratory managed by NAGRA, known as the GTS (Grimsel Test 
Site), is located at an elevation of 1,725 m in the Swiss Alps, near the Grimsel Pass. 
    The laboratory consists of a series of excavated experimental drifts and caverns 
connected with the main access tunnel for two subterranean hydroelectric power plants 
owned by he hydro-electric company KWO. The GTS starts at 1.02 km from the portal 
of the main access tunnel, at a depth of some 400 m relative to the surface of the terrain.   
The laboratory has a general service area and is equipped with the infrastructure 
required for the performance of large-scale tests. 
 
 
5.2 Components of the test 
 
 
5.2.1 Blocks for the clay barrier 
 
    This section includes a summary of the most important aspects of the processes of 
designing, fabricating, quality control, packing, handling, transporting, and storing of 
the compacted bentonite blocks used to construct the clay barrier. 
    The blocks were fabricated from FEBEX bentonite, whose construction and the 
properties of which will be described in the section 5.5.  
 
 
5.2.1.1 Design 
 
    Figure 5.2 shows the geometry of the barrier in the heater and non-heater areas. In 
both areas, the three exterior crowns of the blocks are equal; in the heater area the 
interior crown of this group is in contact with the steel liner, while, in the non-heater 
area, the interior crown is in contact with a core of blocks. Five types of blocks form 
this barrier geometry: BB-G-01, BB-G-02, BB-G-03, BB-G-04, and BB-G-05. Figure 
5.3 and Table 5.1 show the shapes and dimensions of the block types.  
    The dry density specified in the design of the blocks was 1.70 g/cm3. This density 
was determined by taking into account the probable volume of the construction gaps 
and the need to have a barrier with an average dry density of 1.60 g/cm3. For a dry 
density of 1.60 g/cm3, the swelling pressure is of the order of 5 MPa, which is the value 
proposed in the AGP Granito. The water content of the blocks is that specified for the 
raw bentonite, 12.5% to 15.5% (see section 5.5). 
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Figure 5.2:Geometry of the clay barrrier. 
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Figure 5.3: Shapes and dimensions of the blocks. 
 
 
Table 5.1:Dimensions for block fabrication. 

Type a 
mm 

b 
mm 

c 
mm 

thickness
mm 

R 
mm 

r 
mm 

α 
° 

BB-G-01 470.0 
(+2.0 –5.0) 

380.0 
(+2.0 –4.0) 

214.0 
(+2.0 –3.0) 

125.0 
(+2.0 –2.0) 

1133 919 24 

BB-G-02 473.0 
(+2.0 –5.0) 

361.0 
(+2.0 –4.0) 

214.0 
(+2.0 –3.0) 

125.0 
(+2.0 –4.0) 

917 703 30 

BB-G-03 478.0 
(+2.0 –5.0) 

330.0 
(+2.0 –4.0) 

214.0 
(+2.0 –3.0) 

125.0 
(+2.0 –4.0) 

701 487 40 

BB-G-04 483.0 
(+2.0 –5.0) 

240.0 
(+2.0 –4.0) 

240.0 
(+2.0 –3.0) 

125.0 
(+2.0 –4.0) 

485 — 60 

BB-G-05 483.0 
(+2.0 –5.0) 

240.0 
(+2.0 –4.0) 

240.0 
(+2.0 –3.0) 

125.0 
(+2.0 –4.0) 

— — 60 

 
 
5.2.1.2 Fabrication 
 
    For the fabrication of blocks BB-G-01, BB-G-02, BB-G-03, and BB-G-04 it was 
necessary to design and manufacture moulds, whereas block BB-G-05 was obtained 
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from BB-G-04 by machining the curved face with a saw. The blocks were fabricated in 
the REFRACTA, S. A. plant at Quart de Poblet (Province of Valencia, Spain), by 
compaction in a uniaxial hydraulic press under a pressure of 40 MPa to 45 MPa. A 
quality assurance program was applied in fabrication of the blocks: external appearance, 
dimensions, water content, and dry density were controlled. Table 5.2 shows the 
average values for the characteristics and the number of blocks fabricated for each type. 
    Taking into account the dimensions of the blocks of each type, the average values of 
water content and dry density are 14.4% and 1.69 g/cm3, respectively. A total of 7568 
blocks were fabricated, with a total weight of 165 076 kg. 
 
 
Table 5.2: Average values of the physical properties and number of blocks fabricated. 

 BB-G-01 BB-G-02 BB-G-03 BB-G-04 BB-G-05 
weight per block (kg) 22.1 21.8 21.3 23.1 18.0 
average water content (%) 14.49 14.07 14.87 13.69 13.07 
average dry density (g/cm3) 1.69 1.69 1.69 1.70 1.70 
number of units fabricated 2 898 2 310 1 614 562 184 
total weight (kg) 64 046 50 358 34 378 12 982 3 312 

 
 
5.2.1.3 Packing, handling, transporting and storage 
 
    Laboratory tests and the study of some blocks placed in the tunnels of the GTS 
showed that the blocks deteriorate quite rapidly when exposed to an environment of 
high humidity. For this reason, the blocks were packed in boxes appropriately protected 
by sheets of plastic. Although the blocks have a high, unconfined compressive strength 
(of the order of 2.5 MPa), they were packed in boxes inside quilted plastic wrapping to 
avoid impact damage during their handling and transport. 
    The appropriately packed blocks were stored away from the GTS, in a warehouse 
with controlled temperature and humidity. During the construction of the barrier, the 
FEBEX drift was dried, heated, and ventilated to keep relative humidity low. Also the 
work was scheduled such that in the work area at the portal of the drift, where relative 
humidity is high, the time of exposure was compatible with the stability of the blocks. 
Since no block was observed to have deteriorated as a result of the aforementioned 
causes, these precautions were confirmed to be effective. 
 
 
5.2.2 Heating system 
 
 
5.2.2.1 General characteristics 
 
    The test uses two electrical heaters inserted within a steel liner. The heaters reproduce 
the mechanical characteristics of the AGP Granito canister, simulating the thermal 
effects. 
    The external dimensions of the heater are identical to those of the canister anticipated 
in the AGP Granito concept (a cylinder measuring 4.54 m in length with a diameter of 
0.90 m) and the weight is of the same order (11 t). Both the material and the shape of 
the exterior body of the heaters are similar to those anticipated for the canister: carbon 
steel plate measuring 100 mm in thickness. 
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    As regards the thermal aspect, the aim of the test is to subject the bentonite, at the 
point of contact with the steel liner, to a maximum constant temperature of 100ºC, 
which is the maximum value anticipated in the reference concept. Nevertheless, in order 
to reach this value in a period of time compatible with the duration of the test, and 
maintain it in an isolated drift, it was necessary to increase the power of the heaters 
beyond the value anticipated in the AGP Granito concept for the maximum residual 
thermal power of the canisters, that is 1200 W. Following different analyses and 
modelling exercises, performed during the design phase of the experiment, the nominal 
power was fixed at 4,300 W per heater. This power will be the maximum required in the 
most unfavorable case of the clay barrier being totally saturated, with a certain margin 
of safety. 
 
 
5.2.2.2 Mechanical characteristics 
 
    Figure 5.4 shows a general view of the final design of the heater. The exterior casing 
consists of a forged tube with a wall thickness of 100 mm, and two welded end covers 
of metal plate, each measuring 150 mm in thickness. The casing is of carbon steel 
without any treatment or covering, except shot-peening of the exterior surface. 
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Figure 5.4: Dimensions and construction details of the heaters. 
 
    Inside the casing, the heating elements (resistances) are wound around a tube or reel 
measuring 660.4 mm in diameter and 12.7 mm in thickness. The assembly - reel and 
resistances - is covered with a copper sheet measuring 3 mm in thickness. This covering 
serves to distribute the temperatures more uniformly along the heater and to provide 
mechanical protection for the heating elements during heater assembly. 
    The thickness and shape of the end covers are based simply on convenience during 
assembly of the interior elements of the heater and do not correspond to the reference 
concept. The front end cover has a total of 24 perforations to allow for the exit of cables 
(6 for the heating elements and 18 for the control thermocouples) and is fitted with a 
cylindrical, screw-on box on the exterior for mechanical protection of the cable exits. 
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On its outer face there are two key notches located at 36°, to allow for coupling with the 
pushing mechanism of the insertion system. The other end cover is solid, and its outer 
edge is chamfered to facilitate insertion into the liner. 
    The exterior casing is hermetically sealed. The cable exits were sealed with Viton 
gaskets and filled with epoxy resin, as shown in Figure 5.5. 
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Figure 5.5: Cable run sealing system. 
 
 
5.2.2.3 Electrical characteristics 
 
    In order to increase reliability, the system is redundant. Each heater has three 
independent heating elements, each of which is capable of supplying individually the 
nominal required power of 4300 W. The elements are of the shielded resistor type and 
their main characteristics are summarized in Table 5.3. 
 
 
Table 5.3: Characteristics of the heating elements. 

 material of the conductor core Ni-Cr 80/20 
 length 52±3% m 
 supply voltage 400 V AC 
Active conductor nominal power 4300±10% W 
 insulation MgO 
 sheath material Inconel 600 
 external diameter 4.6 mm 
 conductor section 6 mm2 
Cold terminals sheath material AISI 304 L 
 external diameter 6.4 mm 

 
 
    Each heating element is helicoidally wound on the internal reel of the heater, with a 
total of 25 windings per element and a separation between coils of the same element of 
165 mm. 
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    Since temperature is key to the expected life of the elements, 18 thermocouples were 
installed on the internal reel of the heater to measure the surface temperature of the 
heating element. 
    For reliability reasons, all types of electrical connections were avoided in the interior 
of the heater. The cold terminals of the heating elements are sufficiently long to exit the 
body of the heater, pass through the concrete plug, and reach the service zone without 
any electrical connection being made. These terminals, together with the shielded cables 
of the thermocouples, were placed in a continuous, seamless tube of corrugated Teflon, 
which extends from the front end cover to the service zone. This tube protects the set of 
cables against mechanical and corrosive action; it has sufficient flexibility to allow for a 
certain magnitude of heater movement produced by differential settlement or swelling 
of the bentonite. 
 
 
5.2.2.4 Steel liner 
 
    The “in situ” test faithfully reproduces the AGP Granito reference concept, which 
considers the existence of a continuous steel liner, common to all the canisters emplaced 
in the same drift. This steel liner consists of a perforated steel tube measuring 15 mm in 
thickness, providing the space into which the canister is inserted. Given that in the 
actual design of the AGP Granito concept no consideration is given to the retrievability 
of the canisters, the function of the steel liner terminates when the canister is 
introduced; therefore, the deformation of the liner due to swelling of the bentonite is not 
important. 
    The steel liner required for the test has a length of 10 m, corresponding to the length 
of the two heaters plus the 1-m separation between them. Thus, 11 segments of 1 m 
each were made, designed to be coupled by means of a male/female conical coupling 
measuring 100 mm in length, machined in the ends of each segment Figure 5.6. The 
material of the steel liner is conventional alloyed steel for boilers and pressure vessels. 
    The inner diameter of the liner is 940 mm; thus there is a gap of 40 mm with respect 
to the outer diameter of the heaters, a value that was considered sufficient for correct 
insertion of the heaters, taking into account the normal errors of alignment in an 
installation operation of this type. 
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Figure 5.6: Steel liner. 
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5.2.3 Instrumentation 
 
    A total of 632 sensors were installed. Table 5.4 indicates the variables measured, the 
types of sensors used and the locations of the sensors, by areas. 
    The sensors in the clay barrier were grouped in a series of cross-sections, as indicated 
in Figure 5.7: sections A, B1, B2, C, D1, D2, E1, E2, F1, F2, G, H, I, K, L, M1, M2 and 
N. The sections with an identical letter have similar sensor configurations. 
 
 
Table 5.4:Installed sensors (G: granite; B: bentonite; C: heater; S: service zone). 

Variable Type of sensor Area Total
(or instrument)  G B C S 
Temperature Thermocouple 62 91 36  189
Total pressure in borehole in rock (3-D) Vibrating wire 4   4
Total pressure on rock surface Vibrating wire 30   30
Total pressure on heater Vibrating wire 6   6
Hydraulic pressure in borehole in rock Piezoresistive 62   62
Packer pressure in borehole Piezoresistive 62   62
Pore pressure in bentonite Vibrating wire 52   52
Water content Capacitive 58  1 59
Water content Psychrometer 28 48   76
Water content TDR 4 20   24
Extensometer in rock Vibrating wire 2x3   6
Heater displacement Vibrating wire 9   9
Expansion of bentonite block Vibrating wire 8   8
Displacement within the bentonite barrier Potentiometer 2x3   6
Clinometer LVDT 6x2   12
Crack meter LVDT 1x3   3
Gas pressure in the bentonite barrier Magnetic 4   4
Gas flow Manual measure 6   6
Atmospheric pressure Piezoresistive  1 1
Velocity of ventilation air Hot wire  1 1
Resistor intensity Electric converter  6 6
Resistor voltage Electric converter  6 6
TOTALS  261 320 36 15 632

 
 
    The boreholes BOUS-1, BOUS-2, FBX-1, and FBX-2 were used, along with the 19 
boreholes drilled from the interior of the drift, for instrumentation the rock, in particular 
for hydrogeological and mechanical variations (see Chapter 1 for Part A of 
DECOVALEX III, Task 1). Other sensors, such as psychrometers and TDR probes were 
installed in smaller boreholes, drilled from the drift in areas closer to the wall (up to 2.5 
m). 
    Two examples of the location of sensors in the clay barrier and in the surrounding 
rock are shown in Figure 5.8 and Figure 5.9, respectively. Each sensor is identified by a 
code of the type: AA-BBn-CC, where AA is the code of sensor type (see Table 5.5), BB 
is the designation of location type (borehole, instrumented section, etc.), n is the order 
number of section or borehole (where applicable) and CC is the order number within the 
corresponding section or borehole. 
    The final locations of all sensors are identified by their coordinates, in the local 
reference system XYZ indicated in Figure 5.9. 
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Table 5.5: Identification of sensor codes. 
Code Sensor 

T Temperature 
P Total pressure 
Q Pore pressure 
SH Heater displacement 
SB Bentonite block displacement 
S Displacement (general) 
3S Crack meter 
PP Hydraulic pressure of packer in borehole 
IT Clinometer 
GP Gas pressure 
GF Gas flow 
WC Water content (capacitive type) 
WP Water content (psychrometer type) 
WT Water content (TDR type) 
AP Atmospheric pressure (in service zone) 
A Anemometer 
V Voltage meter 
C Electric current meter 
Ω Insulation meter 
 
 
5.3 Installation of the clay barrier and concrete plug 
 
 
5.3.1 Clay barrier construction 
 
 
5.3.1.1 Preliminary tests 
 
    Due to the lack of previous experience in an installation of this type, especially in 
placing the engineered barriers in a horizontal position, a test installation was set up in a 
simulated drift of concrete (see Figure 5.10) at the AITEMIN facilities in Toledo 
(Spain). This test was very useful, and served to detect certain important aspects 
associated with the installation. In particular, these aspects were the stability of the 
bentonite slices and the accumulative effects of the gap between the blocks themselves 
and the blocks and the drift.  
    The effects of mechanical degradation of the bentonite blocks due to the humidity of 
the environment and/or a film of water at the rock surface were studied by laboratory 
tests and in a tunnel at the GTS. As a result of these experiences, the decision was taken 
to protect the packages of blocks against humidity; to dry the working area within the 
drift to the extent possible and to minimize the time the blocks were exposed to the GTS 
environment, where the relative humidity is practically 100%. 
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5.3.1.2 Installation procedure 
 
    The barrier was constructed manually, in accordance with the scheduled procedure. 
The sequence of installation is shown on Figure 5.11. First the steel liner was placed on  
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Figure 5.7: Arrangement of the instrumented sections. 
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of sensors in instrumented 
cross-section F1. 
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the drift. It maybe seen that, for these reasons, the axis of the steel liner is off-center, 
displaced some 15 mm. Consequently, the heater is off-center by some 35 mm, the 
exact deviation depending on the actual diameter of the drift at each point. 
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Figure 5.9: Location of sensors in boreholes SF21, SF22, SF23 and SF24. 
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Figure 5.10: Toledo test installation. 
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Figure 5.11: Sequence of clay barrier construction. 

 72



 

0.
90

0
0.

94
0

1.
12

5

1.
10

5

0.
64

0

O'
O''

O'''

(Dimensions in m

O': Center of the drift
O'': Center of the steel liner
O''': Center of the heater

Center of the 
 steel liner

Center of 
the heater

0.030

Z

Y

Figure 5.13: Typical cross section of the clay barrier. 
 
 
5.3.1.3 Sensor installation and cabling 
 
    The sensors in granite were emplaced before the clay b
the sensors in bentonite were installed in mechanically mad
positions within the blocks on completion of each slice. 
   The cables were carried radially from each sensor to the
groove or channel in the bentonite. All the cables, includi
the granite, were grouped into four bundles. The bundles 
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along the rock face and through the bentonite blocks, a cha
bundle was made in each slice (Figure 5.14). At the crown
bundles were fastened to the granite with spikes and loo
previously made along the entire length of the test zone w
power cables (which are quite rigid and fragile); this ar
initial compression on the cables from the weight of the be
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cables were placed in the invert channel, it was filled with bentonite powder (Figure 
5.15). 
 

 
Figure 5.14: Sensor installation and cabling. 
 

 
Figure 5.15: Cable channel in the invert of the drift. 
 
 
5.3.2 Concrete plug 
 
    The test zone was closed with a concrete plug, the geometry of which is shown in 
Figure 5.16. The plug was designed to resist the swelling pressure of the bentonite. No 
specification was included for the water tightness or gas tightness of the concrete plug. 
The plug was constructed with mass concrete, without any reinforcement, to facilitate 
the planned future dismantling. It was designed to withstand a total force of 2000 t, 
which corresponds to a swelling pressure of the bentonite of 5 MPa. The concrete used 
had a low value of hydration heat and minimum shrinkage. Table 5.6 shows the 
proportions used for the concrete mix. 
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    The plug was concreted in three sections perpendicular to the axis of the drift, such 
that the filling of the upper part could be checked, at least for a part of the plug. The 
concrete was pumped from outside the drift and was compacted by vibration. This 
method did not allow for good concreting of the key, where a void remained, this 
subsequently being filled by means of injection. Table 5.7 shows the results obtained 
from the concrete control tests. 
    The four bundles of cables pass through the concrete plug inside 200 mm-diameter 
plastic pipes (Figure 5.17). The pipes were later filled with fine mortar. 
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Figure 5.16: Longitudinal section of the concrete plug. 
 
 

 
Figure 5.17: Pipes for concrete plug cable penetrations. 
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Table 5.6: Concrete mix proportions used in plug construction. 
component type proportions 

kg/m3 
Cement PCO “Sulfacem” (CEM I 32.5 HS) 160 
Silica fume Sikafume HR 60 
Fine aggregate Grimsel granite, 4 to 8 mm 660 
Coarse aggregate Grimsel granite, 8 to 16 mm 430 
Sand Quartz 0.1 to 5.6 mm 800 
Filler limestone 170 
Water city network 155 
Superplasticizer Sikament-12+ 13 

 
Table 5.7: Results of concrete control tests. 

Water/cement ratio 0.99 
Water/total hydraulic materials ratio 0.72 
Slump (Abrams cone) (mm) 44 
Density (before setting) (kg/m3) 2394 
Air content (%) 0.4 
28-day strength (MPa) 47.1 

 
 
5.3.3 Quality assurance and quality control 
 
    Control of the dry density of the clay barrier was fundamental to its construction. The 
average dry density was to be no more than 1.60 t/m3, in order not to exceed the 
maximum swelling pressure of 5 MPa used in the calculations for the test components. 
On the other hand, it was required not to be less than the minimum considered tolerable, 
1.4 t/m3. Furthermore, knowledge of the actual dry density obtained is necessary for 
modelling, as well as for the interpretation of the test results. For this reason, during the 
construction of the clay barrier, the real mass of bentonite placed and the volume of the 
drift occupied by each vertical slice of blocks was determined. From these values, the 
global dry density as well as the percentage of construction gaps for each slice were 
calculated. The profiles of dry density and construction gaps were drawn from each 
slice, these being shown in Figure 5.18. 

Heater # 1 Heater # 2
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Figure 5.18: 
Profiles of dry 
density and 
volume of 
construction 
gaps in the clay 
barrier. 



    A total of 136 slices were installed, made up of 5331 blocks and having an overall 
mass of 115 716 kg of bentonite. The average values of the barrier are a dry density of 
1.60 t/m3 and a volume of construction gaps of 5.53%. It has been assumed that the 
barrier maintains the water content (an average of 14.4%) from the fabrication of the 
blocks. 
 
 
5.4 Test operation 
 
 
5.4.1 Initial tests and start-up 
 
    The mechanical installation tasks were completed in 16 weeks between 1 July 1996 
and 15 October 1996, two weeks ahead of schedule. The assembly and setting up of the 
data acquisition and control systems were prolonged more than anticipated, until 27 
February 1997. 
    Apart from some short duration tests, the heating (operational) stage began on 27 
February 1997, the date identified as “day 0” on the time scale. The sequence of 
initiation was as follows: 
 
− Throughout an initial period of 20 days a constant power of 1200 W per heater 

was applied, with the aim of identifying the thermal response of the system and 
adjusting the control algorithms. 

− Over the next 33 days the power was increased to 2000 W per heater and 
maintained constant to approximate the temperature of 100 °C desired at the 
surface of the steel liner, but with a limitation on the rate of power increase to 
reduce thermally-induced stresses. 

− Finally, on 21 April 1997 (day 53) the system was switched to the constant 
temperature control mode, allowing the power to fluctuate freely. Over a period of 
8 days, three subsequent steps were performed to adjust the parameters of the 
control algorithm, the setpoints of the system being established successively at 
95°C, 99°C, and 100 °C. 

 

5.4.2 Heating control and operation 
 
    Beginning in day 61, the power control system has been automatically regulating the 
power in the two heaters independently, so as to maintain a constant temperature of 100 
°C at the hottest point of the steel liner/bentonite interface, as originally planned. 
    The reference used by the power control algorithm is the highest temperature value in 
the sensors located at the surface of the steel liner, which has always been at the center 
of the bottom line of the heater. Due to the shape of the heater casings, temperatures 
over 100 °C were observed at the lids, but these were discarded, as they are considered 
to be unique points. 
    With a view to increasing reliability, the heating system is redundant, and each heater 
has three independent heating elements, each having the rated nominal power of 4,300 
W. During the test, only one of these elements, identified as Resistor A, has been used 
on each heater on a permanent basis, the other two being kept in reserve. The 
underlying reason for this was to check the operational life of these elements, which is 
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inversely proportional to their external temperature. In any case, there has not been any 
failure of the elements after 1000 days (2 years and 9 months, in 27th of November, 
2000) of continuous operation. 
 
 
5.5 The FEBEX bentonite 
 
    In order to characterize the T-H-M behaviour of the FEBEX bentonite, besides the 
determination of identification properties, two types of tests have been carried out, 
namely: tests for direct parameter determination and tests for calibration of models. The 
first type of tests yields values of standard parameters or functions generally required by 
a mathematical T-H-M model. The second type of tests may be used with backanalysis 
techniques in order to infer the values of the parameters or functions required by 
particular mathematical models and to improve the accuracy of parameter 
determination. The design of these tests, especially the tests for calibration of models, 
has been guided by the FEBEX “mock-up” and the FEBEX “in-situ” tests. The tests 
have been carried out mainly by CIEMAT and UPC and the description of the tests and 
the results obtained have been summarized in two reports. These reports are written in 
Spanish and in this Section we will try to make them more accessible to the participants. 
Throughout this Section we will refer to specific Sections of the report by CIEMAT 
(Villar, 2000) using “CIEMAT-Section” and to specific Sections of the report by UPC 
(Pintado, 2000) using “UPC-Section”. 
    In the tests carried out by CIEMAT, two types of samples of FEBEX bentonite have 
been used: unmixed and homogenized. The first type refers to samples taken from one 
of the bags into which the bentonite was packed. The second type refers to samples 
taken from the homogeneous mixture of all samples of the first type made by CIEMAT. 
Results obtained using any of these samples are considered to be representative of the 
characteristics of the FEBEX bentonite. In the tests that require addition of water, three 
types of water have been used: distilled water (used by convention and as a reference), 
granitic water (commercial water representative of the water that will saturate an 
engineered bentonite barrier) and saline water (water prepared with a chemical 
composition representative of the pore water inside the bentonite barrier). The chemical 
composition of the granitic water and of the saline water is given in Table 5.8. 
 
 
Table 5.8: Chemical composition of the water used in the tests (in mg/l), and pH. 

Dissolved ions and pH Granitic Saline 
Cl– 13.1 3550.0 
SO4

2– 14.4 1440.0 
Br– 0.1 — 
NO3

– 4.8 — 
HCO3

– 144.0 — 
SiO2 (aq) 22.2 — 
Mg2+ 9.4 360.0 
Ca2+ 44.9 400.8 
Na+ 11.0 253.9 
K+ 1.0 — 
Sr2+ 0.09 — 
pH 8.3 7.0 
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    In the tests carried out by UPC, the FEBEX bentonite taken from the homogenized 
sample was always used. Samples were prepared at the water content in equilibrium 
with the laboratory, which is of w = 13.3 ± 1.3%. Distilled water was used in infiltration 
tests and for preparing samples with a water content higher than the hygroscopic. 
 
 
5.5.1 Origin and general properties 
 
 
5.5.1.1 Origin and general aspects 
 
    The FEBEX bentonite (also called “Serrata” clay in some FEBEX reports) has been 
extracted from the Cortijo de Archidona deposit, exploited by Minas de Gádor, S. A., in 
the zone of Serrata de Níjar (Almería, Spain). This deposit was selected in the ENRESA 
R&D plans previous to the FEBEX project as the most suitable material for the 
backfilling and sealing of a HLW repository. Reasons for this selection were its very 
high content of montmorillonite, large swelling pressure, low permeability, acceptable 
thermal conductivity, good retention properties and ease of compaction for the 
fabrication of blocks. 
    Over several years prior to FEBEX, and following the selection of this deposit as the 
reference bentonite (called bentonite S-2 in reports and publications), numerous 
characterization and behavior (thermal, hydraulic, mechanical, and geochemical) studies 
were performed. As a result, there is an extensive database on the properties of this 
bentonite. These data were used in the preliminary modelling for the design of the two 
large-scale tests of the FEBEX project. 
    Approximately 300 tons of suitably homogenized and conditioned bentonite were 
stocked for FEBEX. Based on the experience acquired in the aforementioned studies, 
the selected raw bentonite was required to meet the following specifications: 
− Fraction of particles of more than 5 mm, less than 5%, and fraction of particles 

smaller than 74 µm, greater than 85%. 
− Liquid limit greater than 90%. 
− Swelling pressure ranging between 3 MPa and 7 MPa, for a dry density of 1.60 

g/cm3. 
− Water content, after conditioning, between 12.5% and 15.5%. 
    The conditioning of the bentonite in the quarry, and later in the factory, was strictly 
mechanical (homogenization, rock fragment removal, drying, crumbling of clods, and 
sieving) to obtain a granulated material with the specified characteristics of grain-size 
distribution and water content. A quality assurance (QA) program was applied to the 
conditioning process. The conditioned material was packaged in large waterproof bags 
(about 1300 kg each). During the packaging, a sample of 8 to 10 kg was taken every 2.5 
tons of bentonite, for laboratory testing. 
    However homogeneous it might be, a bentonite deposit has both horizontal and 
vertical spatial variations. For a research project such as FEBEX, a material as 
homogeneous as possible must be used and, furthermore, its properties must be 
determined by specific tests on samples of the same material. Homogenization reduces 
the uncertainties in modelling, in laboratory results and in the final interpretation of the 
entire test. For performance assessment (PA) purposes, however, knowledge of the 
range of variations in the relevant properties of a massive source of bentonite supply is 
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needed. Thus, it is important to compare the properties of clays (known as S-2 bentonite 
in the earlier studies and FEBEX bentonite in this test) obtained from the same deposit 
but in two study phases separated by more than five years. 
    Comparison of the results of the two sets of characterization tests –S-2 bentonite and 
FEBEX bentonite– indicates that the deposit is very homogeneous.  Consequently, it 
was possible to use certain parameters from the tests on S-2 bentonite for the purposes 
of the FEBEX test. 
    In the following sections, several general conclusions on the properties of the 
bentonite from this deposit are summarized. 
5.5.1.2 Identification properties 
 
    The data presented in Table 5.9 are the so-called identification properties (according 
to the terminology of geotechnical engineering). They provide an initial idea of the type 
of physico-chemical behavior to be expected in the clay buffers. 
 
 
Table 5.9: Identification properties. 

Bentonite S-2 FEBEX Bentonite 
Property CSIC-

Zaidín 
CIEMAT CSIC-

Zaidín 
CIEMAT UPC-DIT 

Water content in equilibrium with 
the air in the laboratory, in % 

— 10 to 13 — 13.7 ± 1.3 13.3 ± 1.3 

Liquid limit, in % — 105 ± 10 — 102 ± 4 93 ± 1 
Plastic limit, in % — — — 53 ± 3 47 ± 2 
Plasticity index — — — 49 ± 4 46 ± 2 
Specific weight — 2.78 — 2.70 ± 0.04 — 
Grain-size distribution, in %      
     Fraction less than 74 µm 
     Fraction less than 2 µm 

93 ± 3 
82 ± 6 

86 
65 ± 1 

— 92 ± 1 
68 ± 2 

87 
45 

Specific surface, in m2/g      
     Total 
     External, BET 

614 ± 74(1)

— 
516 ± 37(2)

37 
649 ± 5(1) 

— 
725 ± 47(1) 

32 ± 3 
— 
— 

 (1) Determined by the Keeling hygroscopicity method 
(2) Determined by the methylene blue method 
 
 
    It is interesting to notice that the values of the liquid limit for the S-2 and FEBEX 
bentonites are very similar in the tests performed by CIEMAT, in contrast to those 
obtained by UPC-DIT for the FEBEX bentonite, which are somewhat lower. In any 
case, whichever laboratory is considered, the measured values seem to be low for a 
bentonite with such a high content of montmorillonite and which also has a relatively 
high concentration of sodium as exchangeable cation. 
    Regarding differences in the grain-size distributions between the S-2 and FEBEX 
bentonites, it should be noted that the results obtained from CIEMAT and UPC-DIT 
differ considerably as regards the content of the < 2 µm fraction (clay size). The 
proportion of the clay size fraction obtained depends on the previous treatment of the 
bentonite for the determination of its grain-size distribution. The differences may be 
explained by the fact that a very strong dispersion procedure, including ultrasounds, was 
used by CIEMAT, while UPC-DIT employed standard geotechnical techniques. 
    The value obtained for the external specific surface (BET) is somewhat lower than 
the average values for smectites (as found in the scientific literature). 
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    The low content of the < 2 µm fraction had already been noticed in the first studies 
performed on the S-2 bentonite. It was proposed at that time that the smaller particles 
were agglutinated or cemented with colloidal silica (during alteration of the original 
volcanic material). This would make dispersion of the clay, and consequently separation 
of the < 2 µm fraction, more difficult. This argument is supported since the most of the 
silt-sized material, and some of the sand-sized, is formed by “pseudomorphs” of 
volcanic grains transformed into smectite. The “pseudomorphs” are relatively stable and 
would moderate the physical behavior of the bentonite: they are identified as smectite 
from a chemical point of view, but do not have the physical effects of the bentonite. 
This interpretation may also explain the relatively low values of liquid limit found in 
tests. 
 
 
5.5.1.3 Porosity 
 
    (See CIEMAT-2.1) The pore size distribution has been measured using a mercury 
injection porosimeter with a range of injection pressure from 7 kPa to 210 MPa that 
allows to measure pore diameters between 200 µm and 0.006 µm. Before placing the 
samples in the porosimeter, water was eliminated by liophilization, in order to minimize 
microstructural changes. 45 samples were taken from 15 of the bentonite blocks 
fabricated for the FEBEX “mock-up” test. These blocks were made using bentonite with 
a water content of 14.1±1.0 % and uniaxially compacted at pressures of 40-45 MPa 
which produced a dry density ρd = 1.78±0.03 g/cm3. The samples tested had a dry 
density of ρd = 1.58-1.80 g/cm3. The result of these porosimetric tests (see Figure 5.19) 
did not show any significant difference between different positions in a given bentonite 
block nor between different block types. 
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Figure 5.19: Typical pore size distribution of a sample of compacted FEBEX bentonite 
(cumulative pore volume per gram in % as a function of pore diameter in %). 
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5.5.2 Parameter determination tests 
 
 
5.5.2.1 Mechanical properties 
 
 
a) Strength-unconfined compression and triaxial tests 
 
    In the years previous to FEBEX, strength had been determined only on samples of the 
bentonite S-2. Some of these data are presented herein for informative purposes. 
    The unconfined compressive strength is 2.5 MPa for samples prepared with a water 
content at equilibrium with the air in the laboratory (laboratory conditions) and at a 
density of 1.70 g/cm3. It was found that unconfined compressive strength increases 
exponentially with dry density. 
    Various types of triaxial tests were performed, with saturated and unsaturated 
samples. The results from the unsaturated samples, prepared at different dry densities 
with the water content at equilibrium with the laboratory conditions, are presented in 
Table 5.10. 
 
 
Table 5.10: Strength parameters obtained in triaxial tests on unsaturated specimens of 
bentonite S-2 prepared with a water content in equilibrium with the laboratory 
conditions and at different initial dry densities. 

ρd 
g/cm3 

Initial Sr  
% 

Range of σ3 
MPa 

Cohesion 
MPa 

Friction 
angle 

degrees 
1.6 41 – 47 0.5 – 3.0 0.7 25 
1.6 41 – 47 3.0 – 10.0 2.8 14 
1.6 41 – 47 10.0 – 30.0 4.4 14 
1.7 49 – 60 0.5 – 3.0 0.8 30 
1.7 49 – 60 3.0 – 10.0 1.0 26 
1.7 49 – 60 10.0 – 30.0 3.5 16 
1.8 53 – 59 3.0 – 10.0 4.3 16 
1.8 53 – 59 10.0 – 30.0 3.6 18 
1.9 65 – 79 3.0 – 10.0 4.5 19 

 
 
b) Compressibility-oedometric tests 
 
    Oedometric tests have been performed on samples of the bentonite S-2 for initial dry 
densities of 1.40 g/cm3 and 1.60 g/cm3. Table 10 shows the parameters resulting from 
these tests. 
 
 
c) Swelling pressure 
 
    Swelling pressure tests were performed using conventional oedometers on samples 
saturated with distilled water (see CIEMAT-3.1). A regression curve was developed as a 
function of dry density for the swelling pressure of the FEBEX bentonite, as shown on 
Figure 5.20, and expressed by the equation 
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Ps = exp (6.77 ρd – 9.07)                                                                                              (5.1) 
 
where Ps is the swelling pressure in MPa and ρd is the dry density in g/cm3. The 
deviation of the experimental values with respect to this fitting may be as high as 25 %. 
The dispersion observed in the values is larger for higher dry densities, this probably 
being due to technical limitations, as the load capacity of the oedometers is almost 
exceeded by the swelling pressure. 
    The swelling pressure values and the regression curve for the bentonite S-2 are also 
shown in Figure 5.20. The difference in the swelling pressures of the S-2 and the 
FEBEX bentonites, may be considered negligible for practical purposes. 
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Figure 5.20: Swelling pressure as a function of dry density 
 
 
d) Swelling under load 
 
    These tests were performed using conventional oedometers on samples of the FEBEX 
bentonite (see CIEMAT-3.2 and UPC-2.6). 
    During the pre-operational stage, CIEMAT carried out tests with distilled water on 
specimens with a nominal dry density of 1.60 g/cm3. Four of these tests were performed 
under a load of 0.5 MPa and the other three under a load of 0.9 MPa.  Subsequently, 
several series of swelling under load tests were performed, in which samples having a 
nominal dry density of 1.60 g/cm3 were subjected to different loads ranging between 0.1 
and 3.0 MPa.  Both granitic and saline water were used to saturate the sample. A 
commercial granitic water was used. The saline water is a synthetic product having a 
chemical composition similar to that of the bentonite interstitial water, but simplified to 
include only the major elements. The chemical composition of both waters is shown in 
Table 5.11. 
 

 83



Table 5.11: Oedometer parameters (Cc = compression index of the virgin compression 
line, with stress in decimal log scale; Cs = unloading-reloading compression index, with 
stress in decimal log scale; av = virgin confined compression index, with stress in 
natural scale; mv = av /(1 + e0), where e0 is the initial void ratio; and k = saturated 
permeability) 

ρd 
g/cm3 

Cc Cs av 
m2/kN 

mv 
m2/kN 

k 
m/s 

1.4 0.38 0.20 2.5·10–5 1.7·10–5 4.7·10–12 
1.6 0.38 0.33 2.3·10–5 1.4·10–5 1.3·10–13 

 
 
    In addition, some tests have been performed with specimens compacted to nominal 
dry densities of 1.70 and 1.50 g/cm3 saturated with granitic water, and some others with 
specimens compacted to nominal dry densities of 1.70 g/cm3 and saturated with saline 
water. 
    As expected, the specimens compacted to a dry density of 1.50 g/cm3 undergo strain, 
on saturation with granitic water, somewhat lower than in the case of specimens 
compacted to a dry density of 1.60 g/cm3. Specimens compacted to a dry density of 1.70 
g/cm3 experienced higher swelling strains under the same load, in tests with both saline 
and granitic water. 
    Figure 5.21 shows the final swelling strain of the clay in the tests performed with 
samples compacted to nominal dry densities of 1.60 g/cm3 and saturated with different 
kinds of water, along with the fitting for the tests performed with both granitic and 
saline water. The final values of strain do not seem to be particularly dependent on the 
kind of water, although in the tests performed with saline water they are somewhat 
higher than in those performed with granitic water, the values for distilled water being 
the highest. 
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Figure 5.21: Swelling strain of specimens compacted to dry density 1.60 g/cm3 on 
saturation under vertical load with different kinds of water. 
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    Strain (ε, %) as a function of vertical load (σ, MPa) may be approximately expressed 
by the following equations: 

 
ε = –9.4 + 15.9 log σ (for granitic water )                                                                   (5.2) 
 
ε = –11.4 + 14.4 log σ (for saline water)                                                                     (5.3) 
 
    UPC-DIT performed 21 flooding-under-load tests on specimens prepared at various 
dry densities varying between 1.57 g/cm3 and 1.87 g/cm3, with an initial water content 
of 11.7% (water content at equilibrium with laboratory conditions). The specimens were 
saturated with distilled water while being subjected to a constant load ranging between 
0.01 MPa and 10.00 MPa. 
    The strain (ε, %) induced after saturation is shown in Figure 5.22 and may be 
approximately expressed by the equation 
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Figure 5.22: Swelling strain for different applied vertical loads with the value of initial 
dry density, in g/cm3, indicated for each point. 
 
 
ε = – 46.9 – 19.4 log σ + 36.6 ρd                                                                                                                          (5.4) 
 
where σ is the vertical load in MPa and ρd is the initial dry density in g/cm3. (5.4) 
    The strain values obtained with this equation for a dry density of 1.60 g/cm3 are 
slightly higher than those obtained with the fitting used by CIEMAT for tests performed 
with granitic water. The discrepancy is more marked for low loads, with a maximum 
difference of 5 percentage points. This would confirm that swelling under saturation 
with distilled water is somewhat higher than the swelling expected when saturation 
takes place with granitic water. 
 
 
e) Elastic shear modulus, G 
    UPC-DIT determined the elastic shear modulus, G, at small deformations  
(10–6 ≤ γ ≤ 10–4) for the FEBEX bentonite (see UPC-2.5). The tests were performed in a  
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resonant column on 10 specimens compacted at various dry densities and degrees of 
saturation. The results are shown in Table 5.12 and in Figure 5.23. 
 
Table 5.12:  Elastic shear modulus obtained in resonant column tests. 

dry water degree of void elastic shear modulus, G, in MPa 
density 
g/cm3 

conten
t 
% 

saturation 
% 

ratio σ3 = 0.01
MPa 

σ3 = 0.1
MPa 

σ3 = 0.2
MPa 

σ3 = 0.4 
MPa 

σ3 = 0.8
MPa 

1.58 14.7 54 0.757  140  207 245 300 370 
1.66 13.6 57 0.668  211  223 270 — — 
1.54 3.4 12 0.802  78  106 174 208 326 
1.56 2.8 10 0.777  89  106 138 — — 
1.62 24.6 95 0.717  240  270 — 331 336 
1.66 21.3 87 0.677  252  296 370 429 502 
1.65 4.7 19 0.685  74  90 137 190 310 
1.72 10.4 47 0.615  200  219 293 381 429 
1.68 3.7 16 0.652  61  89 141 200 290 
1.62 12.7 50 0.713  122  180 240 299 387 
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Figure 5.23: Shear modulus G as a function of the deformation at a degree of saturation 
of 0.5 and various confining pressures. 
 
 
f) Compressibility of joints 
 
    UPC-DIT performed unconfined compression tests on specimens of the FEBEX 
bentonite to obtain the relationship between normal stress and displacement in the joints 
between blocks (see UPC-2.8). The joint displacements were calculated by comparing 
the average deformations in two specimens for the same level of load: one was a 
continuous specimen with a height of 7.8 cm and the other was formed by two pieces, 
each 3.9 cm in height, placed one on top of the other. Each specimen was tested with 
three different degrees of initial saturation. Figure 5.24 shows the value of the decrease 
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in distance between the joint surfaces of two blocks as a function of the normal load 
applied, for different degrees of saturation. 
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Figure 5.24: Displacement between joint surfaces for different degrees of saturation. 
5.5.2.2 Hydraulic properties 
 
 
a) Saturated hydraulic conductivity 
 
    An empirical relationship has been obtained, using saturated specimens, for the 
coefficient of permeability of the FEBEX bentonite as a function of dry density. It was 
expressed by the following equations 
 
log k = – 6.00 ρd – 4.09r2 = 0.97                                                                                  (5.5) 
 
with 8 points, for ρd varying between 1.30 and 1.47 g/cm3 
 
log k = – 2.96 ρd – 8.57r2 = 0.70                                                                                  (5.6) 
 
with 26 points, for ρd varying between 1.47 and 1.84 g/cm3, where k is the coefficient of 
permeability for distilled water, in m/s, and ρd is the dry density, in g/cm3 (see 
CIEMAT-2.3). The variation of the values actually obtained with respect to these 
fittings is of the order of 30 %. 
    Figure 5.25 shows the regression lines for the coefficient of permeability of FEBEX 
bentonite shown above and the points obtained in different determinations.  The 
influence of the water used as permeant has been tested, as well as the influence of the 
direction of the measurement, parallel or perpendicular to the compaction effort, in the 
value of the coefficient of permeability. None of these aspects seems to be relevant, 
with the exception of the use of saline water, that yields a higher hydraulic conductivity. 
    The data indicate that the FEBEX bentonite is less permeable than the bentonite S-2. 
However, differences are small: in some cases it is even less than the scattering shown 
in the same set of tests. 
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Figure 5.25: Saturated hydraulic conductivity as a function of dry density. 
 
 
b) Relative permeability 
 
    Unsaturated hydraulic conductivity is highly dependent on the degree of saturation 
(Sr) and may be expressed as the product of relative permeability (kr) times the saturated 
hydraulic conductivity. The dependence on the degree of saturation is usually expressed 
by means of a potential law for the relative permeability: kr = Sr

n. 
    The water infiltration tests carried out by CIEMAT (see CIEMAT-3.3) in small teflon 
cells (see Figure 5.26) provide data allowing unsaturated hydraulic conductivity and its 
dependence on the degree of saturation to be obtained. In the tests, water content 
throughout the specimen was measured at different times after initiation of the 
infiltration process.  By means of parameter identification techniques similar to those 
used in groundwater engineering and geophysics, intrinsic permeability and the 
exponent of the law used to obtain the relative permeability may be estimated. The 
values obtained were K = 2.95·10–21 m2 (for a porosity of 0.4) and n = 4.64 respectively, 
in the case of samples with an initial dry density of 1.75 g/cm3.  
    Similar infiltration tests have been carried out at UPC-DIT (see UPC-4.1). In this 
case, in order to study the possibility of desaturation of the surrounding rock at the 
interface between the bentonite and the granite, a hydraulic gradient was prescribed 
across a specimen of granite in contact with another specimen of bentonite. The test was 
carried out in a triaxial cell with a confinement pressure of 0.8 MPa (see Figure 5.27). 
Specimens were initially compacted at a dry density of 1.76 g/cm3 and a water content 
of 13%. No change in the water content of the granite was detected during the test. 
However, the measurements of water content in the bentonite allow a new value to be 
estimated for the exponent in the relative permeability law. Figure 5.28 shows how 
good agreement is achieved between the measurements and numerical model 
predictions, with the parameters derived from the identification process. 
    In addition, the unsaturated water conductivity may be estimated in thermo-hydraulic 
experiments with prescribed heat and water flows (see Section 5.6). The summary of 
values obtained for the parameter “n” in the relative permeability law (kr = Sr

n) is shown 
in Table 5.13. 
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Figure 5.26: Scheme of the Teflon cell. The lateral walls of the cell are made of Teflon. 
Water may be enter or leave the cylindrical sample through a porous stone placed on 
the top of the sample. The openings in the upper steel cap allow the flow of water to or 
from the porous stone. The lower steel cap allows the heating of the bottom of 
thesample. 
 
     
 

 
 
Figure 5.27: Scheme of the set up used in the infiltration tests. 
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Figure 5.28: Measured and computed water content in infiltration tests. 
 
 
Table 5.13: Exponent in relative permeability law obtained from different types of tests 

Test value of n 
Water infiltration in small teflon cells 4.64 
Water infiltration in bentonite in contact with granite 3.50 
Heat and water flow experiment 1 3.06 
Heat and water flow experiment 2 1.10 
Heat and water flow experiment 3 1.68 

c) Suction–water content relationship at 20 °C 
 
 
c-1) Tests on unconfined samples 
    CIEMAT has carried out suction–water content tests for the FEBEX bentonite, both 
in compacted samples and in samples trimmed from blocks (see CIEMAT-2.5). The 
relationship between suction and water content was initially determined in compacted 
samples for three different suction values and, subsequently following wetting and 
drying-wetting paths. UPC tested specimens at various temperatures and suctions 
between 3 MPa and 700 MPa following similar wetting and drying paths. Figure 5.29 
shows the tests results grouped according to initial dry density (ρd0). Tests with a dry 
density of 1.67 and 1.75 g/cm3 were performed by CIEMAT and tests with a dry density 
of 1.64 g/cm3  were performed by UPC-DIT (see UPC-2.1). The relationship between 
suction (s, MPa) and water content (w, %), may be fitted by means of the following 
equation: 
 
w = (45.1 ρd0 – 39.2) – (18.8 ρd0 – 20.34) log s                                                           (5.7) 
 
where ρd0 is the initial density in g/cm3. 
    The volume variations observed with changing suction are important. Figure 5.30 
shows the relationship between the dry density and the change in suction for the 
different samples tested, grouped according to their initial dry densities. The dry density  
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Figure 5.29: Suction/water content relationship in tests on unconfined samples, for 
FEBEX bentonite. 
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Figure 5.30: Relationship between dry density and suction in tests on unconfined 
samples, for FEBEX bentonite. 
 
 
for values of suction ranging from 400 to 0.1 MPa may be obtained through the 
following expression: 
 
ρd = 1.15 s 0.13 ρd0 – 0.15                                                                                                                                                     (5.8) 
 
where ρd0 is the initial dry density in g/cm3 and s is the suction in MPa. 
    For suctions varying between 2.0 MPa and 385.0 MPa, an empirical equation relating 
water content and suction was determined for the bentonite S-2 
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w = 36.1 – 12.0 log s ( for r2 = 0.94, 191points)                                                          (5.9) 
 
which does not depend on initial dry density. In this equation, w is the water content in 
%, and s the suction in  MPa. Figure 5.31 shows the regression curves for the bentonites 
(S-2 and FEBEX) and the points obtained by CIEMAT and UPC for each bentonite. 
    As may be seen, the differences between the two curves are very small, one or two 
percentage points in the water content, depending on the suction value. Nevertheless, it 
may be said that there exists a difference that is reflected in the water content in 
equilibrium with the laboratory conditions as was indicated in Table 5.13. For all 
practical purposes, the differences between the two bentonites are very small. 
    In the low range of suction, water contents determined at a temperature of 72ºC are 
higher than those determined at 20°C. However, the results are limited and more tests 
are required to quantify the effect of temperature on suction/water content relationship. 
 
 
c-2) Tests on confined samples 
    In unconfined tests, the dry density and structure of the bentonite undergo important 
changes during the hydration process. However, volume changes are small in a 
bentonite barrier, and knowledge of the relationship between suction/water content at 
constant dry density (characteristic or water retention curve) is essential. 
    To determine the retention curve, two kinds of tests have been performed. CIEMAT 
used suction controlled oedometers to hinder swelling of the clay, by adding the 
appropriate loads (see CIEMAT-2.5). UPC designed containers made from sintered 
metal to fix the volume of the sample, while the water vapor in the clay changes with 
the atmosphere in which the capsule is placed (see UPC-2.1). In both cases, minor 
volume changes have occurred. 
    The retention curves determined may be fitted by means of the van Genuchten 
expression: 
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Figure 5.31: Suction/water content relationship in tests on unconfined samples, for S-2 
and FEBEX bentonites. 
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or to a modification of this expression that is more suitable for higher values of suction: 
 

( ) ( )[ ] [ ] s
srrrr PsPsSSSS λλλ −+−+=

−− 11)( 11
00max0

                                                  (5.11) 
 
where Sr 0 and Sr max are the residual and maximum degree of saturation and P0 (MPa), 
Ps (MPa), λ  and λs  are material parameters. Table 5.14 shows the parameters fitted for 
the wetting paths, which are plotted together with the experimental points in Figure 
5.32. Table 5.15 shows the parameters fitted for the wetting paths, which are plotted 
together with the experimental points in Figure 5.33. 
 
Table 5.14: Parameters of the retention curves. 

ρd range 
g/cm3 

Type of equation 
(no. in Figure 32) 

P0
MPa

λ Sr 0 Sr max Ps 
MPa 

λs 

1.70 – 1.75 Van Genuchten (1) 90 0.45 0.00 1.00 — — 
1.70 – 1.75 modified van Genuchten (2) 100 0.45 0.01 1.00 1500 0.05 
1.60 – 1.65 Van Genuchten (3) 30 0.32 0.10 1.00 — — 
1.60 – 1.65 modified van Genuchten (4) 35 0.30 0.01 1.00 4000 1.5 
1.58 – 1.59 Van Genuchten (5) 4.5 0.17 0.00 1.00 — — 
1.58 – 1.59 modified van Genuchten (6) 2.0 0.10 0.01 0.99 1000 1.3 

 
Table 5.15: Parameters for fitting of the drying paths after saturation. 

ρd range 
g/cm3 

type of equation 
(no. in Figure 33) 

P0 
MPa 

λ Sr 0 Sr max Ps 
MPa 

λs 

1.70 – 1.75 drying Van Genuchten (1) 180 0.62 0.0 1.0 — — 
1.70 – 1.75 wetting modified van Genuchten (2) 100 0.45 0.01 1.0 1500 0.05 
1.58 – 1.59 drying Van Genuchten (3) 30.0 0.15 0.0 1.0 — — 
1.58 – 1.59 wetting modified van Genuchten (4) 2.0 0.10 0.01 0.99 1000 1.3 
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Figure 5.32: Measured and fitted retention curves in wetting paths performed on 
confined samples. In parentheses, the number of the equation used in Table 5.14 is 
shown. 
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Figure 5 33: Hysteresis effect on the wetting-drying paths under confined conditions. 
Bold symbols correspond to wetting paths. In parentheses the numbers of the curves 
indicated in Table 5.15. 
 
 
d) Gas permeability 
 
    The gas permeability of the compacted clay has been determined using nitrogen gas 
as a fluid, injected at a low pressure (see CIEMAT-2.4). Specimens of nominal dry 
densities ranging from 1.50 to 1.70 g/cm3 and with different water contents have been 
tested. The values obtained are plotted in Figure 5.34, together with the fitting obtained 
(valid only for the degree of saturation between 25 and 80 %): 
 
Kg = 3.164·10–6 [e(1 – Sr)] 4.3   (for r2 = 0.82, 39 points)                                            (5.12) 
 
where Kg (m/s) is the gas permeability, e the void ratio and Sr the degree of saturation. 
The gas permeability for the same degree of saturation is a function of dry density and 
decreases with the degree of saturation, for the same dry density. In tests performed 
with the bentonite equilibrium water content compacted to different dry densities it was 
observed that gas permeability decreases logarithmically with increasing dry density. 
    In all of the tests performed, the values of intrinsic permeability obtained (which 
ranges between 10–16 and 10–12 m/s) are higher than those obtained when intrinsic 
permeability is calculated from hydraulic conductivity tests conducted with the clay 
under saturated conditions (Figure 5.35). This is due to the different structural 
disposition of the saturated and unsaturated specimens, caused by swelling of the clay 
as it hydrates. In water flow tests performed under saturated and confined conditions, 
the bentonite tries to swell and fill the interaggregate pores. Under these conditions, 
mean pore diameter is close to intra-aggregate pore size (about 0.01 µm). In the case of 
gas flow under dry conditions, this flow takes place through interaggregate pores with a 
diameter of more than 1 µm. This difference in accessible pore size may explain the 
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different values of intrinsic permeability that have been derived from water and gas 
flow. 
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Figure 5.34: Gas permeability measured in specimens of FEBEX bentonite compacted 
to different dry densities and with varying water content. 
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Figure 5.35: Intrinsic permeability of the compacted clay obtained from saturated 
water flow and from unsaturated gas flow tests. In gas flow tests, the accessible void 
ratio indicates the ratio between gas accessible pore volume and particle volume (e(1-
Sr)). 
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5.5.2.3 Thermal properties 
 
 
a) Specific heat 
 
    Specific heat has been determined only for bentonite S-2 (see CIEMAT-2.2). The 
relationship between specific heat and temperature fit the following equation, in a range 
of temperatures of between 45ºC and 150ºC: 
 
cs = 1.38 · T + 732.5 
 
where cs is the specific heat, in J/kg°C, and T is the temperature, in °C. 
 
 
b) Thermal conductivity 
 
    The superficial thermal conductivity of the FEBEX bentonite has been determined in 
compacted specimens at various nominal dry densities and with different water 
contents. 
    Figure 5.36 shows the regression curves of the values of superficial thermal 
conductivity as a function of the degree of saturation, for bentonites S-2 and FEBEX 
(see CIEMAT-2.2). A good correlation of the sigmoidal type (Boltzmann) was obtained 
for the two bentonites by means of the following equation: 
 

( ) xr dxSe
AAA

01
21

2 −+
−

+=λ                                                                                                (5.13) 

where λ is the thermal conductivity, in W/m·°K, Sr is the degree of saturation, A1 is the 
value of λ for Sr = 0, A2 is the value of λ for Sr = 1, x0 is the degree of saturation for 
which the thermal conductivity is the average value between the extreme values, and dx 
is a parameter. Table 5.16 shows the parameters obtained in the fitting of the curves. 
 
 
Table 5. 16: Parameters for fitting of the drying paths after saturation. 

Parameter Bentonite S-2 FEBEX bentonite 
A1 0.39 ± 0.08 0.57± 0.02 
A2 1.34 ± 0.06 1.28 ± 0.03 
x0 0.54 ± 0.03 0.65 ± 0.01 
dx 0.15 ± 0.03 0.10 ± 0.02 

 
 
    There is a difference between the values measured for FEBEX and S-2 bentonite (see 
Figure 5.36). This difference is more noticeable for lower values of the degree of 
saturation. No clear evaluation of the differences is possible, because thermal 
conductivity increases not only with the water content but also with dry density. In 
addition, for the bentonite S-2, there are only two points for the lower degrees of 
saturation. However, taking into account all the experimented points, differences 
between the two bentonites seem to be small. 
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Figure5. 36: Thermal conductivity as a function of degree of saturation. 
 
 
c) Coefficient of linear thermal expansion 
 
    Measurements of thermal expansion have been carried out on 12 samples of 
compacted bentonite for initial dry densities ranging between 1.57 and 1.72 g/cm3 and a 
water content varying between 12.5 and 25.1 % (see UPC-2.3). The specimens (38 mm 
in diameter, 76 mm in height) were placed in an isothermal bath with controlled 
temperature. A latex membrane keeps the overall water content of the soil constant 
throughout the heating and cooling processes.  Temperature varies between 25 and 70 
ºC. In each test, several cycles of heating and cooling are applied to the sample. 
    The vertical strains in the first heating path are higher than the strains measured 
during the second and subsequent cycles. In addition, in each cycle the strains measured 
during the heating process are higher than those observed throughout the cooling path 
and, as a result, an accumulation of irreversible strains is observed.  The slope of the 
relationship between temperature and strain is shown in Figure 5.37. This slope 
increases slightly with temperature. The following correlations for the linear thermal 
expansion coefficient have been obtained from this figure: 
 
∆εz/∆T = –0.118·10-4  + 6.5·10–6 T (first heating)                                                 (5.14) 
 
∆εz/∆T = –1.265·10-4  + 6.5·10–6 T (subsequent heating paths)                             (5.15) 
 
∆εz/∆T = –1.538·10-4  + 6.5·10–6 T (cooling paths)                                                  (5.16) 
 
where εz is the linear strain and T the temperature in ºC. At temperatures higher than 
55ºC, an increase in the dispersion of the results is observed. This dispersion is due to 
experimental difficulties, such as equipment calibration and specimen sealing. 
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Figure 5.37: Linear thermal expansion as a function of temperature. 
 
 
5.5.3 Thermo-hydro-mechanical tests 
 
 
5.5.3.1 Tests for calibration of models by back-analyses: thermohydraulic cell. 
 
    A general methodology has been developed for the performance of systematic 
backanalysis of laboratory tests involving the thermohydraulic behaviour of bentonite. 
The procedure is based on a maximum likelihood approach, which defines a 
probabilistic framework in which error measurements and the reliability of the 
parameters identified can be estimated. With a view to identifying the model 
parameters, an objective function incorporating the differences between measured data 
and model predictions is minimized (see UPC-2.2). The method is applied to the 
identification of certain thermal and hydraulic properties of a bentonite specimen, using 
temperature and water content measurements as input data. The finite element code 
“CODE BRIGHT” (V2.0) has been used to model the thermohydraulic behaviour of 
clay. Although the code allows the mechanical behaviour of soils to be studied in a 
coupled manner, only the thermal and water flow capacities of the code have been used. 
A new testing device has been developed to obtain the data required for the 
identification of certain thermohydraulic parameters. A controlled heat flux is applied at 
one end of a cylindrical specimen (38 mm in diameter, 76 mm long) and the other end is 
maintained at constant temperature. A latex membrane, that allows deformation and 
keeps overall water content constant, and a 5.5 cm thick heat insulating deformable 
foam surrounds the specimen. In order to ensure knowledge of the heat flux crossing the 
sample, two specimens symmetrically placed with respect to the heater are used in the 
tests. The heater is a copper cylinder (38 mm diameter, 50 mm long) with five small 
electrical resistances inside. A constant power of 2.6 W has been used in the tests, 
allowing steady temperatures in the range of 70-80 ºC to be reached at the hotter end of 
the specimen. At the cold end, a constant temperature of 30ºC is maintained by flowing 
water in a stainless steel head in contact with the soil. Figure 5.38 shows a scheme of  
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Figure 5.38: Scheme of the thermohydraulic cell. 
 
 
the thermohydraulic cell. 
    Axisymmetric analyses performed with CODE BRIGHT allowed the effect of lateral 
loss of heat to be evaluated. It was estimated as 60% of total heater power. This 
indicates the importance of performing a 2D analysis of the experiment. 
    During the tests, the temperatures at both ends of the specimen, and at three internal 
points located at regular intervals, are monitored. At the end of the tests, changes in 
diameter were measured at some points of the specimen, with an accuracy of up to 0.01 
mm. Finally, the soil samples were cut in six small cylinders and the water content of 
each slice was determined. 
    Three specimens of bentonite compacted at a dry density of 1.68 g/cm3 and with 
water contents of 15.3, 16.9 and 17.1 % were tested. The temperatures measured during 
the heating period for one of the specimens are shown in Figure 5.39. Temperature 
reaches a quasi-steady regime 10 hours after the start of the test. 
    A fully coupled thermo-hydraulic model has been used to simulate the experiment.  
The temperatures obtained under steady-state conditions and the water content 
measured at the end of the test have been considered as input data. In each test, three 
parameters have been identified: the conductivity of bentonite under saturated 
conditions, λsat , needed to obtain unsaturated thermal conductivity (λ = (λsat)

Sr
 (λdry)

(1-

Sr) ); the tortuosity, τ (a parameter of the diffusion constant) and the exponent “n” for 
the unsaturated (relative) permeability law (kr=Sr

n). The thermal conductivity under dry 
conditions (λdry) is fixed at 0.47 W/mºC. The parameters obtained during the 
identification process are similar but not identical in the three tests, as shown in Table 
5.17. The values are within the normal range of these parameters. In addition, the 
identification technique provides a systematic and consistent procedure allowing the  
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Figure 5.39: Evolution of temperature in a prescribed heat flow test. 
 
 
parameters that best reproduce the measurements for the selected model to be found. 
The method also gives an insight into the model structure, and allows the dependence 
and coupling between parameters to be detected. In the present type of test, analysis of 
the model structure shows that the values of the parameter “n” that has been obtained 
entail a higher degree of uncertainty than the values of the other parameters. This is in 
accordance with the relative influence of water flow in liquid and vapour phases. 
    The optimization procedure showed that there are a few combinations of parameters 
that give similar result in terms of the objective function. This is reasonable, as 
measured water content is a global quantity, and it is difficult to distinguish between 
water transported by liquid flow (controlled by “n”) and by vapour diffusion (controlled 
by τ). 
    Figure 5.40 shows the objective function in terms of the tortuosity factor τ and the 
exponent “n” for the relative permeability law, for one of the controlled heat flow tests. 
In order to give the same importance to the sets of measurements for temperature and 
water content, a weighting procedure has been used to define the objective function. 
Contours are isolines of the objective function with different combinations of the 
parameters. The parameter values obtained by backanalysis are located at the minimum 
of the objective function. The same figure includes points representing the values of the 
parameters obtained in the other backanalyzed tests. In the case of the hydraulic tests 
described (cf. Section 5.2.2.2, b) only the exponent “n” is known. In all cases, the 
representative points are located in the same area of the objective function, with similar 
values of error. A set of optimum parameters and laws (see Table 5.17) may be selected 
taking all the tests into account. Table 5.18 presents the values for the saturated 
hydraulic conductivity ksat, the relative permeability kr, the tortuosity factor τ and the 
thermal conductivity λ, respectively.    
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    This set of parameters has been used to solve the direct problem and to simulate some 
water infiltration and heat flow tests. Figure 5.41 to 5.44 show that the agreement 
between the measurements and the model predictions is satisfactory. 
 
 
Table 5.17: Exponent n in relative permeability law, tortuosity factor τ and saturated 
thermal conductivity λsat obtained from different thermal flow tests. 

Test Water content n τ λsat (W/m°C) 
1 15.5 3.06 0.56 1.19 
2 16.9 1.10 0.74 1.31 
3 17.1 1.08 0.90 1.18 

 
 
Table 5.18: Values for the saturated hydraulic conductivity ksat, the relative 
permeability kr, the tortuosity factor τ and the thermal conductivity λ. 

Parameter Value 
ksat(porosity = 0.4) 2 ·10–21 m2 
kr Sr

3 
τ 0.8 
λ (W/mºC) 0.471–Sr 1.15Sr 
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Figure 5.40: Contour map of objective function in the case of thermal flow test 1 (see 
details in Table 5.17). The same graph shows the parameter values obtained by 
backanalyzing different tests. 
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Figure 5.41: Measured and computed degree of saturation in small cell infiltration tests 
carried out in CIEMAT, using the final selected parameters. 
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Figure 5.42: Measured and computed water content in bentonite-granite infiltration 
tests carried out at UPC, using the final selected parameters. 
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Figure 5.43: Measured and computed temperature in prescribed heat flow tests, using 
the final selected parameters. 
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Figure 5.44: Measured and computed water content in prescribed heat flow tests, using 
the final selected parameters. 
 
 
5.5.3.2 Mechanical properties: oedometric tests with controlled suction 
 
    Suction controlled oedometer tests have been performed at CIEMAT (24 tests) (see 
CIEMAT-4.1) and UPC (5 tests) (see UPC-2.7) on compacted bentonite with a water 
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content in equilibrium with the laboratory conditions, and at dry densities of 1.7 and 
1.65 g/cm3 respectively. Three types of paths have been followed. In the first type, 
simulating the behaviour of a point near the heater, an initial drying process is followed 
by a loading path, and finally the bentonite is saturated. In the second type, simulating a 
point near the external boundary, an initial path of suction decrease is followed by an 
increase in load. In the third case, aimed at reproducing a swelling pressure test, an 
attempt was made to maintain the height of the sample constant during a suction 
reduction path by applying increments of vertical load. Suction is applied, with the 
relative humidity of the air on the sample being controlled by means of sulfuric acid or 
salt solutions in the high suction range, and by the axis translation technique in the case 
of suctions ranging from 0 to 14 MPa. 
    Figure 5.45 reproduces the results of two of the tests carried out at CIEMAT 
(EDS3_9 and EDS5_5). The volume changes measured reflect the typical behaviour of 
compacted clay.  It may be observed that for a small value of vertical load the vertical 
strains on saturation are higher than when a high load is applied. At the same time, the 
strain under the loading path is higher when the soil is in saturated conditions after 
reaching important swelling strains. Figures 5.46 and 5.47 show the experimental 
results in the case of suction decrease paths with different values of applied vertical load 
and load increase paths with different values of applied suction. 
    In order to find the hydromechanical parameters of the constitutive model of the 
bentonite, tests were simulated by means of a numerical tool (CODE BRIGHT). A trial 
and error technique was used to reproduce the results of both the swelling pressure and 
swelling under load tests described in Section 5.5.2.1, c) and d). Figure 5.48 shows a 
comparison between the numerical model predictions and the swelling strains measured 
at the CIEMAT and UPC laboratories. 
    Using the parameters obtained from the swelling tests, the suction controlled 
oedometer tests may be modeled as a boundary value problem, using CODE BRIGHT. 
Figure 5.49 shows the results of both experimental and numerical model predictions in 
the case of wetting paths under different values of applied vertical stresses. 
    Some general comments may be made concerning the behaviour of the clay when 
subjected to different stress paths: 
− As a result of equipment limitations, the compaction load of the specimens (about 

20 MPa) has been higher than the highest external load applied in the oedometers 
(9 MPa). Furthermore, the samples have shown minor collapse (with suction 
decreasing to values of between 15 and 5 MPa) only when a high vertical load (9 
MPa) is applied. 

− High swelling strains have been measured in suction reduction paths in response 
to minor vertical stresses. The hydration process opens the bentonite structure 
(pore volume increases) developing irreversible swelling strains, and subsequently 
an important decrease in stiffness is measured when a vertical load is applied.  In 
these cases, a yield point in the loading paths may be observed at relatively small 
vertical loads (Figure 5.47). 

− Drying of the sample beyond suctions of 120 MPa, does not imply a significant 
decrease in volume. Furthermore, under suctions higher than this value the 
external load does not produce any important consolidation of the sample, which 
remains very stiff. After a drying/wetting cycle the swelling pressure of the clay 
remains almost unchanged, in keeping with the fact that plastic strains are small in 
suction increase paths. 
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Figure 5.45: Typical results in two suction controlled oedometer tests on compacted 
bentonite with an initial density of 1.7 g/cm3. 
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Figure 5.46: Volume changes measured in suction controlled oedometer tests, in 
wetting paths under different loads. Initial dry density 1.7 g/cm3. 
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Figure 5.47: Volume changes measured in suction controlled oedometer tests, in 
loading paths under different suctions. Initial dry density 1.7 g/cm3. 
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Figure 5.48:5Comparison between swelling strains measured at the CIEMAT and UPC 
laboratories and computed strains obtained from constitutive equations used in 
numerical modelling (initial dry density 1.60 g/cm3). 
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Figure 5.49: Comparison between swelling strains measured in suction controlled 
oedometer tests performed by CIEMAT and computed strains obtained from constitutive 
equations used in numerical modelling. 
 
 
 
5.5.3.3 Tests to advance knowledge of the THM behaviour of expansive clays 
 
 
a) Hydraulic tests on joints 
 
    Hydraulic tests were performed on specimens in which joints were present, to gain 
insight into the influence of the joints of the clay barrier on its hydraulic behavior (see 
CIEMAT-4.2). The analysis included mainly the influence of joints on hydration rate, 
their sealing capacity (see Figure 5.50) and the modification that they induce on 
hydraulic conductivity. Different cylindrical cells with water inlet/outlet were used. The 
specimens were made from four compacted bentonite slices (with final dry densities 
ranging between 1.61 and 1.23 g/cm3 and initial water content ranging between 15.0 
and 11.7%), some with vertical diametral joints.  
 
 

 

 

 

Figure 5.50: Perspex cell
used in joint sealing tests. 
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    The main conclusions of this study are as follows: 
− When hydration occurs under a given injection pressure, even if it is low, the 

volume of water taken up and its distribution inside the clay is controlled by the 
existence of joints (fissures), their volume and their configuration.  

− The clay of the specimens takes the water both from the direct hydration surface 
and from the block joints. Figure 5.51 shows the final distribution of water 
content in two hydrated tests, in which four half-sectioned specimens were piled 
and hydrated from the top, illustrating this observation. 

− The volume of water initially taken up depends on hydration pressure. 
− Once the joints have been filled with water, the rate of water intake appears not to 

depend on injection pressure but on the dry density of the clay. 
− The sealing of a joint, attained after hydration for 24 hours, is effective against 

hydraulic pressures of up to 5 MPa. 
− Before sealing of the joints is attained, the strain experienced by every slice on 

saturation is the strain which corresponds to its initial dry density. 
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Figure 5.51: Water content distribution of the clay after two sealing tests (piling of four 
slices) performed under a hydration pressure of 0.5 MPa and lasting a) 1day, b) 7 days 
(half section). 
 
 
b) Suction and temperature controlled oedometer tests 
 
    Four oedometer tests including suction decrease and increasing vertical load paths 
have been performed by CIEMAT (see CIEMAT-4.1) at temperatures of 40 and 60 ºC 
on bentonite compacted at a water content in equilibrium with laboratory conditions and 
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at dry densities of 1.7 and 1.6 g/cm3. Figure 5.52 shows the evolution of the void ratio 
during wetting paths starting at a low range of suction (14 MPa), under a vertical stress 
of 5MPa, and at a high range of suction (120-450 MPa), under a vertical load of 0.1 
MPa. Figure 5.53 shows the comparison curves measured at different combinations of 
suction and temperature, which were maintained constant during the test. 
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Figure 5.52: Wetting paths in suction controlled oedometer tests carried out at different 
temperatures. 
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Figure 5.53: Loading paths in suction controlled oedometer tests carried out at 
different temperatures. 
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c) Tests in thermo-hydraulic cells 
 
    The objective of these tests is to analyse the properties of the bentonite and its 
behaviour under conditions similar to those that will be found in a repository; that is, to 
subject the material simultaneously to heating and hydration, in opposite directions, for 
different periods of time. 
 
    The tests have been performed in cylindrical hermetic cells of different dimensions: 
− Large cells, in which the thickness of the bentonite and the thermal gradient are 

similar to those of the real case, and the time length of tests are 0.5, 1 and 2 years. 
No results are yet available. 

− Intermediate cells. As saturation will probably not be reached in the large cells, 
cells of intermediate dimensions have also been used. In these cells, a single 
bentonite block measuring 13 cm in height and 15 cm in diameter is heated at the 
top at 100 °C, while being simultaneously hydrated with distilled or granitic water 
at the bottom, with an injection pressure of 1 MPa (Figure 5.54). The initial dry 
density and water content of the bentonite are 1.65 g/cm3 and approximately 14 
%, respectively. The quantity of sample is sufficient to allow the bentonite to be 
sliced into five sections at the end of the test (Figure 5.55). Then, the bentonite 
porewater is extracted by squeezing techniques. In this way, physical and 
geochemical characterisation of the solid phase (dry density, water content, 
soluble salts, exchangeable cations) could be carried out. The test program is 
devised for study of the phenomena induced separately by the thermal front and 
the hydration front, and by the coupling of both fronts, in tests of equal duration. 
Some results are given in the next Section. The data obtained in these cells have 
been used to calibrate THG modelling. 

− Small cells. In this case, the bentonite specimen measure only 2.5 cm in thickness 
and 5.0 cm in diameter (Figure 5.56). Saturation is reached after a few days, under 
an injection pressure of 1 MPa. This has allowed a large number of tests of 
different duration and conditions to be performed. The initial dry density of the 
bentonite was 1.65 g/cm3 and the water content was at equilibrium value under the 
laboratory relative humidity conditions (around 14 %). Two sets of temperatures 
(60-35ºC and 100-60ºC) applied at the heating and hydration ends have been 
examined, in order to ascertain the effect of temperature on the observed 
processes. The influence of the chemistry of the hydration water on the processes 
observed has been verified by using two types of water: granitic and saline (Table 
5.8). The saline water has a chemical composition similar to that of the bentonite 
porewater under saturated conditions, but it is simplified to include only the major 
elements. The duration of the tests has been related to saturation time. The time 
needed for saturation has been verified previously, and amounts to 16 days for the 
tests performed at low temperature and to 10 days for the tests at high 
temperature.  

 
    On completion of the tests, physical, mineralogical and geochemical characterisation 
of the bentonite in different sections parallel to the heating front was performed. The 
influence of heating and/or hydration on the physico-chemical and hydro-mechanical 
properties of the bentonite (hydraulic conductivity and the swelling capacity) and the 
fabric modifications were also tested. Results are given subsequently. 
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Figure 5.54: Schematic design of the intermediate cells for THG tests. 
 

Plane heater

ba

Hydration supply

Section 1 1.3

2.3

3.3

4.3

5.3

1.2

2.2

3.2

4.2

5.2

1.1

2.1

3.1

4.1

5.1

Section 2

Section 3

Section 4

Section 5

1.01 cm

3.00 cm

3.00 cm

3.00 cm

3.00 cm

 
Figure 5.55: Sampling of the intermediate cells after T-H treatment for: a) porewater 
analysis by squeezing, b) physical and geochemical characterization of the solid phase. 
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d) Intermediate cells 
 
    The main objective of these tests is to understand the 
water flow and solute transport occurring in a compa
simultaneous heating and hydration. Also, the chemical
porewater and the hydrogeochemical processes 
(dissolution/precipitation and cation exchange reactions) ar
    Different tests have been performed (Table 5.19). The re
transitory state, since saturated conditions have not been
thermohydraulic tests performed. 
 
 
Table 5:19: Tests performed with the intermediate cells. 

initial conditions test 
number test type 

test 
time 

(days) 
mass 
(g) 

ρd 
(gcm3) 

wat
conten

CT-22 heating + 
hydration 

26 4298 1.65 13.

CT-23 heating + 
hydration 

183 4294 1.65 13.

CT-24 heating 168 4690 1.62 26.
CT-26 heating 147 4285 1.65 13.
CT-27 hydration 148 4247 1.65 13.
CT-28 heating + 

hydration 
302 4315 1.65 13.

CT-30 hydration 302 4278 1.65 13.
   
  Figures 5.57 and 5.58 show the distribution of temperatu
section analysed, for various tests. The heating source is 
right of the following figures) and the hydration supply is
the figures). 
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Figure 5.56: Schematic 
design of the small cells 
for THG tests. 
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    Significant changes in dry density, and therefore in porosity, are observed as 
hydration is induced in these experiments, probably due to the swelling of the bentonite 
(a slight deformation of the cell, with an increase of volume of the compacted bentonite 
block, was observed). Consequently, water contents (Figure 5.58) above the saturation 
water content of the bentonite block initially compacted to a dry density of 1.65 g/cm3 
(23.6 % of water content) were measured. 
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Figure 5.57:Final temperature distribution in the intermediate cells tests. 
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Figure 5.58: Final water content distribution in the intermediate cells tests. 
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5.6 Required results 
 
 
5.6.1 Work to be done 
 
    Four types of results are required. They refer to: 
a) Evolution of heating power 
b) Distribution and evolution of relative humidity 
c) Distribution and evolution of temperature 
d) Evolution of total stresses 
 
 
5.6.1.1 Evolution of heating power 
 
    As described in Section 5.4 (Test operation), a constant power of 1200 W was 
applied to the heaters during the first 20 days of operation. Power was then increased to 
2000 W and maintained constant for an additional period of 33 days. Then, at day 53 
the heating system was switched to an automatic constant temperature control mode. 
Prediction of the power input to both heaters from day 53 onwards is required. The 
prediction should be given for a period of 1000 days. 
 
 
5.6.1.2 Distribution and evolution of relative humidity 

 
a) Distribution of relative humidity (radial direction) 
    The variation of relative humidity inside the bentonite along the radial distance is 
required. Three cross sections have been selected to make this prediction (their positions 
are shown in Figure 5.7): 

 
− Section E1: x = 5.53 m (at heater 1) 

Predictions of relative humidity as a function of radial distance will be given 
for the following times after day 0 ) (see Section 3.4 for the definition of 
day 0): 
t1: t = 90 days 
t2: t = 180 days 
t3: t = 300 days 
t4: t = 1000 days: 
Four radial directions have been selected for this prediction, namely 
RD1: along positive axis Z (+z) 
RD2: along negative axis Z (–z) 
RD3: along positive axis Y (+y) 
RD4: along negative axis Y (–y) 
(see Figures 7, 8 and 9 for the definition of axis of coordinates). 

− Section H: x = 9.50 m (centered between the two heaters) 
Prediction of relative humidity as a function of radial distance will be given 
for times t1, t2, t3 and t4 along the radial directions RD1, RD2, RD3 and 
RD4. 

− Section E2: x = 13.44 m (at heater 2) 
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Prediction of relative humidity as a function of radial distance will be given 
for times t1, t2, t3 and t4 along the radial directions RD1, RD2, RD3 and 
RD4. 

 
b) Distribution of relative humidity (longitudinal direction) 
    The spatial distribution of relative humidity along two lines parallel to the 
longitudinal axis x are required. These lines are defined by the coordinates: 
 
Line LG1: z = 0; y = –1.08 m 
Line RC1: z = 0; y = –0.81 m 
 
Predictions will be given for the two times t1 and t4. 
 
c) Evolution of relative humidity 
    The evolution of relative humidity along time, within the period (day 0 – day 1000) is 
required at the following points: 

− Section E1: x = 5.53 m (at heater 1) 
Point E1H: coordinates x = 5.53 m; y = –0.52 m; z = 0.00 m 
Point E1C: coordinates x = 5.53 m; y = –0.81 m; z = 0.07 m 
Point E1G: coordinates x = 5.53 m; y = –1.10 m; z = –0.17 m 
(Explanation: E1H means a point in section E1, close to the Heater; E1C 
means a point in section E1 Centered in the buffer and E1G means a point in 
section E1 close to the Granite. The three points selected correspond to the 
actual location of relative humidity sensors of capacitive type: sensors of 
code WC as explained in Section 3.2.3 Instrumentation).  

− Section H: x = 9.50 m (centered between the two heaters) 
Point HH: coordinates x = 9.50 m; y = –0.52 m; z = 0.05 m 
Point HC: coordinates x = 9.50 m; y = –0.81 m; z = 0.05 m 
Point HG: coordinates x = 9.50 m; y = –1.07 m; z = –0.16 m 

 
 
5.6.1.3 Distribution and evolution of temperature 

 
a) Distribution of temperature (radial direction) 
    The variation of temperature inside the bentonite along the radial distance is required. 
Two cross sections have been selected to make this prediction (their positions are shown 
in Figure 5.7): 

− Section D1: x = 4.42 m (end of heater 1, closest to concrete plug) 
Predictions of the bentonite temperature as a function of radial distance will 
be given for times t1 and t4 along the radial directions RD3 and RD4. 

− Section G: x = 8.91 m (end of heater 1, closest to heater 2) 
Predictions of the bentonite temperature as a function of radial distance will 
be given for times t1 and t4 along the radial directions RD3 and RD4. 

 
b) Distribution of temperature (longitudinal direction) 
    The spatial distribution of temperature along two lines parallel to the longitudinal axis 
x are required. These lines are defined by the coordinates: 
 
Line LG1: z = 0; y = –1.14 m 
Line RC1: z = 0; y = –0.81 m 

 115



Predictions will be given for the two times t1 and t4. 
 

c) Evolution of temperature 
    The evolution of temperature along time, within the period (day 0 – day 1000) will be 
given at the following points: 

− Section D1: x = 4.42 m (end of heater 1, closest to concrete plug) 
Point D1G: coordinates x = 4.42 m; y = –1.14 m; z = 0.00 m 

− Section G: x = 8.91 m (end of heater 1, closest to heater 2) 
Point GG: coordinates x = 8.91 m; y = –1.14 m; z = 0.00 m 

 
d) Evolution of total stresses 
    The evolution of some specified stress along time, within the period (day 0 – day 
1000) is required. The total stress component and the points selected for the prediction 
are the following. 

Section E2, Point E2G1 (x = 13.45 m; y = –0.28 m; z = –1.19 m). Radial stress 
(σr) 
Section E2, Point E2H1 (x = 13.28 m; y = 0.00 m; z = –0.48 m). Radial stress (σr) 
Section E2,Point E2G2(x = 13.46 m; y = –1.19 m; z = 0.00 m).Radial stress (σr) 
Section B2,Point B2G(x = 17.32 m; y = 0.26 m; z = 0.76 m).Axial stress (σx) 

 
 
5.6.2 Output specifications 
 
    In order to locate points in the space, the cartesian system of coordinates used is 
represented in Figure 5.3-5.8 will be used. The origin is located on the intersection of 
the tunnel axis with the surface of the concrete plug in contact with the bentonite 
barrier. The x-axis is directed along the tunnel axis and points towards the end of the 
tunnel, nearly to the west. The y-axis is horizontal and points nearly to the south. The z-
axis is in the vertical plane that contains the x-axis and points upwards. In order to 
locate events on time, the origin of time will be on 27 February 1997 at 0:00. 
    The output data should conform with the document "General Specifications". The 
following points are recalled: (1) the modelling report should be put in the Word97 file 
"XXX1B.doc"; (2) output data should be put in the ASCII files "XXX1BNN.txt", where 
"XXX" stands for the participant's code and “NN” is the file number; (3) data should be 
arranged in a way similar to that shown in Figures 5.59 to 5.63; and (4) the points 
provided should be enough to properly define the evolution curve. 
    The five ASCII files where output data should be placed and their content are: 
− XXX1B01.txt contains the relative humidity distributions along the 12 (3 

sections × 4 radial directions) specified radial directions and 2 longitudinal 
directions at the 4 specified times. 

− XXX1B02.txt contains the relative humidity evolutions at the 6 specified points. 
− XXX1B03.txt contains the temperature distributions along the 4 (2 sections × 2 

radial directions) specified radial directions and  2 longitudinal directions at the 2 
specified times. 

− XXX1B04.txt contains the temperature evolutions at the 2 specified points. 
− XXX1B05.txt contains the heating power evolution at each heater and the 

required total stress component evolution at the 4 selected points. 
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    The units to employ in the output files are: (1) coordinates x, y, z in m; (2) time t in 
days; (3) relative humidity w in %; temperature T °C; (4) total stress component s_x in 
MPa; and (5) heating power P in W. 
 
 
FILENAME   : XXX1B01.txt  
PARTICIPANT: Participant's identification 
DATE       : DD.MM.YY 
 
Relative humidity w (%) distributions 
 
section XX along radial direction XX 
 
x (m)      y (m)      z (m)      t = 90 d   t = 180 d  t = 300 d  t = 1000d      
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  
0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  
0.000E+00 
...        ...        ...        ...        ...        ...        ...         
 
along longitudinal direction XX 
 
x (m)      y (m)      z (m)      t = 90 d   t = 180 d  t = 300 d  t = 1000d      
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  
0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  
0.000E+00 
...        ...        ...        ...        ...        ...        ...         
 
Figure 5.59: Example of output file "XXX1B01.txt". 
 
 
FILENAME   : XXX1B02.txt 
PARTICIPANT: Participant's identification 
DATE       : DD.MM.YY 
 
Relative humidity w (%) evolutions 
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    w (%)        
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...      
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    w (%)        
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ... 
 
Figure5. 60: Example of output file "XXX1B02.txt". 
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FILENAME   : XXX1B03.txt 
PARTICIPANT: Participant's identification 
DATE       : DD.MM.YY 
 
Temperature T (°C) distributions 
 
section XX along radial direction XX 
 
x (m)      y (m)      z (m)      t = 90 d   t = 180 d  t = 300 d  t = 1000d      
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  
0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  
0.000E+00 
...        ...        ...        ...        ...        ...        ...         
 
along longitudinal direction XX 
 
x (m)      y (m)      z (m)      t = 90 d   t = 180 d  t = 300 d  t = 1000d      
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  
0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  
0.000E+00 
...        ...        ...        ...        ...        ...        ...         
 
Figure 5.61: Example of output file "XXX1B03.txt". 
 
 
 
 
 
FILENAME   : XXX1B04.txt 
PARTICIPANT: Participant's identification 
DATE       : DD.MM.YY 
 
Temperature T (°C) evolutions 
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    T (°C)        
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...       
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)     T (°C)        
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ... 
 
Figure 5.62: Example of output file "XXX1B04.txt". 
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FILENAME   : XXX1B05.txt 
PARTICIPANT: Participant's identification 
DATE       : DD.MM.YY 
 
Heating power P (W) evolutions 
 
t (day)    P1 (W)     P2 (W) 
 
0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00 
...        ...        ... 
 
Total stress component s_x (radial or axial) (MPa) evolutions 
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    s_x (MPa)         
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ... 
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    s_x (MPa)         
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ... 
 
Figure 5.63:Example of output file "XXX1B05.txt". 
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6. Part B of Task 1: modelling results and  
    evaluation 
 
 
6.1 Introduction 
 
    Part B was conceived as a “blind” prediction exercise, focused on the thermo-hydro-
mechanical analysis of the bentonite behaviour. Specifically, based on the characte-
rization of the bentonite and on the details of the process of test installation, a thermo-
hydro-mechanical model for the bentonite barrier and the heaters should be prepared. 
Using this model, the thermo-hydro-mechanical response of the bentonite barrier as a 
result of the heat released by the heaters was required. Besides local field variables such 
as temperature, relative humidity, pore water pressure, stresses and displacements, and 
global variables such as total input power to the heaters were also required. 
    In subsequent sections, the modelling approaches followed by each team are briefly 
summarised, the physical phenomena relevant to the problem at hand are discussed and 
a comparison of the predictions submitted by the different teams is presented, whereby 
their computed results are compared with actual measurements,  The reports produced 
by the teams provide a deeper insight in particular aspects of the computations 
performed. They are self-contained reports with a relatively common structure 
(mathematical setting, model calibration, numerical solution, additional comments, 
references) in order to facilitate cross comparisons. 
 
 
6.2 Modelling teams 
 
    From the 10 teams involved in Task 1 of the DECOVALEX III Project ,9 teams 
participated  in Part B: ANG, BGR, CNS, DOE, IPS, JNC, SKB SKI and STU.  
 
 
6.3 Modelling approaches 
 
    In this section we examine in a systematic way the main features of the work carried 
out by the various teams in order to be able to understand their success in modelling the 
problem at hand. Our analysis is essentially based on the reports provided by the teams, 
whereby, for additional details, reference is made to the corresponding reports that are 
included as Annexes in the accompanying CD-ROM. 
    This Section is structured as follows. First, we summarize the main features of the 
models used by the various teams. Next, we provide an outline of the constitutive 
models used for the bentonite. Next, we address the calibration of the models. Finally, a 
summary of the modelling approaches is presented.  
 
 
6.3.1 Main features of the models used 
 
    For comparison purposes, we summarise the main features of the models used by the 
various teams. This summary aims at providing an overview of the features relevant to  
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the present case of the modelling approaches followed by the teams. Additional 
information concerning constitutive details for the bentonite will be given in the next 
section.  
    ANG: The report was not available when the present Project Report was written. 
    BGR: The 2D axisymmetric model used was made of two submodels, a TH (heat 
transport and one-phase flow) submodel and a TM (two-phase one-component flow in 
rigid porous media with a dependency on the swelling pressure) submodel. These two 
submodels were coupled only in one direction, from the TH submodel to the TM 
submodel. The TH submodel considered unsaturated liquid water flow and heat flow, 
and the zone modelled included granite rock, lamprophyre, EDZ, bentonite buffer, 
concrete plug, steel liner and heaters. The HM submodel, with the liquid pressure and 
the degree of saturation as independent variables, considered the flows of liquid water 
and of air (with permeabilities depending on an estimation of the swelling pressure), and 
the zone modelled included only the bentonite and the steel liner. This submodel did not 
consider neither the flow of water vapour nor the phase changes between liquid water 
and water vapour. In order to overcome the drawback of not considering phase changes, 
the degree of saturation was prescribed as a boundary condition at the heater-bentonite 
contact, whereby it was made to linearly vary from its initial value to the corresponding 
value at about the 50th day (calculated from the measured relative humidity at the 
heaters). The isothermal resaturation of the bentonite buffer prior to the operation of the 
heaters was not explicitly modelled. 
    CNS: The 3D model used was a fully coupled THM model with axisymmetric 
geometry (in fact, 1/4 of the full axisymmetric geometry). The model included 
deformation, liquid water flow, water vapour flow and heat flow. Phase changes 
between liquid water and water vapour were also considered. The flow of air was not 
explicitly considered, as it was assumed that the gas pressure remained constant. The 
zone modelled included granite, lamprophyres, bentonite buffer and heaters. Concerning 
the state at the beginning of the test, the isothermal saturation of the bentonite buffer 
during the 180 days was taken into account. 
    DOE: The 3D model used was made of two submodels, a TH submodel (multiphase, 
multicomponent fluid flow and heat transfer in porous media) and a TM submodel 
(mechanical and thermal deformations). These two submodels were only coupled in one 
direction, from the TH submodel to the TM submodel, as it was not possible to solve 
certain stability problems encountered when they were coupled in both directions. The 
TH submodel considered the flows of liquid water, water vapour and heat, and the zone 
modelled included the granite, the lamprophyres and the bentonite. In this submodel, 
phase changes between liquid water and water vapour were allowed. The TM submodel 
considered the mechanical deformations, whereas deformations due to temperature and 
suction variations were taken into account as a variation of an artificial temperature, and 
the zone modelled included the granite, the lamprophyres, the bentonite and the heaters. 
In this submodel, the gas phase was assumed to have a constant value. Concerning the 
state at the beginning of the test, the isothermal resaturation of the bentonite buffer 
during 192 day was taken into account. 
    IPS: The 1D plane strain axisymmetric model used was made of three submodels, a 
T submodel (heat flow), a H submodel (liquid water flow) and a M submodel 
(mechanical deformations). These three submodels were fully coupled by use of a 
staggering technique. The model considered mechanical deformations and the flows of 
liquid water and heat, and the zone modelled included the bentonite buffer and the 
granite. The gas phase was not explicitly taken into account, whereby a constant 
pressure was assumed. The flow of water vapour was not considered and phase changes 
between liquid water and water vapour were not allowed. Concerning the state at the 
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beginning of the test, it was assumed that the isothermal resaturation of the bentonite 
buffer had reached equilibrium when the heaters were switched on. 
    JNC: The 3D model (in fact, 1/2 of the full geometry) used was a fully coupled HM 
model. Although the code used allows solving coupled THM problems, the team did not 
consider the mechanical part in the present case, whereby all materials were assumed to 
be rigid. The model included liquid water flow, water vapour flow and heat flow, and 
the zone modelled included host rock, bentonite, concrete plug and heaters. Phase 
changes between liquid water and water vapour were allowed. Concerning the gas 
phase, a constant gas pressure was assumed. The isothermal resaturation of the 
bentonite buffer prior to the operation of the heaters was not explicitly modelled. 
    SKB: The 2D axisymmetric model used was made of two submodels, a T submodel 
(heat flow) and a HM (mechanical deformations and water flow) submodel. These two 
submodels were coupled by use of a staggering technique. The T submodel considered 
the heat flow, and the zone modelled included the granite, the lamprophyres, the 
concrete plug and the bentonite. The HM submodel considered the mechanical 
deformation of the materials and the flows of liquid water, water vapour and heat, and 
the zone modelled included only the bentonite buffer. In this submodel, phase changes 
between liquid water and water vapour were allowed, but the gas phase was not 
modelled, whereby its pressure was considered to be constant. The isothermal 
resaturation of the bentonite buffer prior to the operation of the heaters was not 
explicitly modelled. 
    SKI: The 3D model used was a fully coupled THM model. The model considered the 
mechanical deformations of the materials and the flows of liquid water, water vapour 
and heat, and the zone modelled included granite, lamprophyres, bentonite buffer and 
heaters. Phase changes between liquid water and water vapour were allowed. The gas 
phase was not explicitly considered, whereby its pressure was taken to be constant. A 
noteworthy feature was the detailed modelling of the isothermal saturation of the 
bentonite previous to the switching on of the heaters, whereby two phases were 
considered. The first phase corresponded to the buffer installation (4 months) and 
hydration proceeded only through the lower part of the tunnel surface. The second phase 
corresponded to the buffer hydration after the complete installation of the buffer (4.7 
months) and hydration proceeded through the entire tunnel surface. 
    STU: The 1D axisymmetric model used was a fully coupled TH model, whereby all 
materials were assumed to be rigid. The model considered liquid water flow, water 
vapour flow and heat flow, and the zone modelled included only the bentonite buffer. 
Phase changes between liquid water and water air were also allowed. The gas phase was 
not explicitly modelled, and its pressure was assumed to be constant. A noteworthy 
aspect of the formulation was that the formulation was based on a free energy function 
and on a dissipation function and the evolution laws for the internal variables complied 
with Ziegler’s orthogonality principle that insures the thermo-dynamical consistency of 
the model. Concerning the state at the beginning of the test, the isothermal resaturation 
of the bentonite buffer during 180 days was taken into account. The simulation of the 
heating during the first 53 days in which the heating power was prescribed used the 
measured temperature evolutions at the heater surface. 
    In order to give a quick overview, Table 6.2 summarises the main features of the 
models considered by the various teams. 
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6.3.2 Constitutive models for the bentonite 
 
    Since the main concern here is the bentonite buffer, in what follows, the constitutive 
equations considered by each team pertinent to the bentonite are briefly summarised, 
whereby the hydraulic, thermal and mechanical aspects are addressed. 
    ANG: The report was not available when the present Project Report was written. 
Table 6.1: Main features of the models used (in the BGR model, * indicates that the 
mechanical part reduces to consider a dependency on the swelling pressure).  
Team Couplings Deform Water 

flow 
Vapour 

flow 
Liq ↔  

Gas 
Gas flow Heat 

flow 
ANG – – – – – – – 
BGR TH→HM*  X   X X 
CNS THM X X X X  X 
DOE TH→TM X X X X  X 
IPS THM X X    X 
JNC TH  X X X  X 
SKB THM X X X X  X 
SKI THM X X X X  X 
STU TH  X X X  X 
 
 
    BGR: The constitutive equations considered for the bentonite are: (1) Hydraulic: van 
Genuchten water retention curve depending on the degree of saturation and the liquid 
water flow was governed by an extension of Darcy’s law to unsaturated states with a 
constant saturated permeability and a relative permeability depending on the degree of 
saturation (cubic law) and on the swelling pressure (that depends on dry density and on 
the degree of saturation); (2) Thermal: Fourier’s with a constant thermal conductivity; 
(3) Mechanical: rigid, but considering a linear relationship between swelling pressure 
and saturation. 
    CNS: The constitutive equations considered for the bentonite are: (1) Hydraulic: the 
water retention curve was one of the logarithmic relations provided in the case 
definition, the liquid water flow was governed by an extension of Darcy’s law to 
unsaturated states with a saturated permeability depending on dry density and a relative 
permeability depending on the degree of saturation (potential law) and the diffusive 
water vapour flow was proportional to the thermal gradient with a constant thermal 
diffusivity; (2) Thermal: Fourier’s heat conduction law with a thermal conductivity 
depending linearly on the degree of saturation; (3) Mechanical: an extension of Biot’s 
poroelasticity to account for the THM behaviour was used, that was based on a state 
surface formulated in terms of net stress and suction.  
    DOE: The constitutive equations considered for the bentonite are: (1) Hydraulic: van 
Genuchten’s water retention curve and an extension of Darcy’s law to unsaturated states 
with a constant saturated permeability and a relative permeability for liquid water 
depending on the degree of saturation (potential law included in the case definition); (2) 
Thermal: Fourier’s law with a thermal conductivity depending linearly on the degree of 
saturation; (3) Mechanical: Sandia Cap elastoplastic model taking and consideration of 
the deformations due to suction and temperature variations. 
    IPS: The constitutive equations considered for the bentonite are: (1) Hydraulic: van 
Genuchten’s water retention curve, the liquid water flow is governed by an extension of 
Darcy’s law to unsaturated states with a constant saturated permeability and a relative 
permeability depending on the degree of saturation; (2) Thermal: Fourier’s law with a 
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constant thermal conductivity; (3) Mechanical: Biot’s poroelastoplasticity (linear 
elasticity and associated Cam-clay plasticity) with a pseudo Biot coefficient to take into 
account the swelling pressure.  
    JNC: The constitutive equations considered for the bentonite are: (1) Hydraulic: van 
Genuchten’s water retention curve, the liquid water flow is governed by an extension of 
Darcy’s law to unsaturated states with a saturated permeability depending on dry 
density and a relative permeability depending on the degree of saturation with a power 
law and the water vapour diffusion was driven by temperature gradients with a constant 
thermal diffusivity; and (2) Thermal: Fourier’s law with a thermal conductivity 
depending on the degree of saturation; (3) Mechanical: rigid.  
    SKB: The constitutive equations considered for the bentonite are: (1) Hydraulic: van 
Genuchten’s water retention curve, the liquid water flow was governed by an extension 
of Darcy’s law to unsaturated states with a saturated permeability depending on 
temperature and void ratio and a relative permeability depending on the degree of 
saturation via a power law and water vapour diffusion was driven by temperature 
gradients with a thermal diffusivity depending on the degree of saturation; (2) Thermal: 
Fourier’s law with a thermal conductivity depending on the degree of saturation; and (3) 
Mechanical: thermoporoelastoplasticity (logarithmic elasticity and Drucker-Prager 
plasticity) based on Bishop’s effective stress and including a moisture correction. 
    SKI: The constitutive equations considered for the bentonite are: (1) Hydraulic: the 
water retention curve was of the modified van Genuchten’s type, the liquid water flow 
was governed by an extension of Darcy’s law to unsaturated states with a saturated 
permeability depending on dry density and a relative permeability depending on the 
degree of saturation (potential law) and the diffusive water vapour flow was governed 
by Fick’s law, with a diffusivity depending explicitly or implicitly on all the unknown 
fields (T, pL, u); (2) Thermal: Fourier’s heat conduction law with a thermal conductivity 
depending on the degree of saturation via a Boltzmann’s law; (3) Mechanical: state 
surface based yielding the void ratio as a function of temperature, net stress and suction.  
    STU: The constitutive equations considered for the bentonite are: (1) Hydraulic: a 
water retention curve closely approximating the modified van Genuchten’s laws 
included in the case definition, the liquid water flow was governed by Darcy’s law with 
a constant saturated permeability and a relative permeability depending on the degree of 
saturation via a power law (case def.) and the water vapour flow was governed by 
Fick’s law with a diffusivity depending on the degree of saturation and on the 
temperature;  (2) Thermal: Fourier’s heat conduction law with a thermal conductivity 
depending on the degree of saturation (Boltzmann’s law);  (3) Mechanic: rigid. 
 
 
6.3.3 Model calibration 
 
    Since one of the main aspects of a modelling exercise is the calibration of the model 
employed, we proceed to outline the calibration procedures that have been used by each 
team. 
    ANG: The report was not available when the present Project Report was written. 
    BGR: The model was calibrated using relations taken both from the case definition 
and from the specialized literature. Likewise, calibrations used experimental data taken 
both from the case definition and from the available literature. Finally, the model was 
calibrated using the thermohydraulic cell test described in the case definition. 
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    CNS: The model was calibrated using relations taken from the case definition, from 
the specialized literature and from the authors’ experience in similar cases. Calibrations 
were made using swelling tests both at constant volume and at constant axial load.  



    DOE: The model was calibrated using relations taken from the case definition, from 
the specialized literature and from the author’s experience. They calibrated their model 
using data from suction-controlled oedometer tests and infiltration tests. A noteworthy 
aspect of their calibration was that the value of the bentonite permeability was one order 
of magnitude less that the one recommended by UPC.  
    IPS: The model was calibrated using relations taken from the case definition and 
from the specialized literature. The parameters of the expression of the pseudo Biot 
coefficient were calibrated using experimental data of compressibility tests at constant 
suction. 
    JNC: The model was calibrated using relations taken from the case definition, from 
the specialized literature. The diffusivity of the water vapour diffusion due to thermal 
gradients was backanalized from experimental data taken from tests made by UPC.    
    SKB: The model was calibrated using relations taken from the case definition, from 
the specialized literature and from the author’s experience. The calibration procedure 
involved data from drying and wetting tests and swelling pressure tests (for the moisture 
correction), water uptake tests (for the relative permeability) and temperature gradient 
tests (for the thermal vapour diffusivity). 
    SKI: The model was calibrated using relations taken form the case definition, from 
the specialized literature and from the author’s experience. The calibration procedure 
involved data from infiltration tests (saturated permeability, relative permeability and 
tortuosity), water uptake tests under thermal gradient (thermal diffusion enhancement 
factor) and both swelling pressure and swelling under constant load tests (state surface 
parameters). 
    STU: The model was calibrated using relations taken from the case definition, from 
the specialized literature and from the author’s experience. The calibration procedure 
involved the approximation of the modified van Genuchten’s law for the FEBEX 
bentonite included in the case definition by a suitable choice of the parameters of an 
adsorption function used in the model. 
 
 
6.3.4 Summary of the modelling approaches 
 
    In order to facilitate the understanding of the results provided by the teams, this 
Section includes a summary with the main features of the approaches followed by the 
teams. In as much as possible, a common structure has been used in all these summaries 
(Modelling hypotheses, Equations solved and Programs used). Besides some general 
features, these summaries intend to address the aspects that are believed to be relevant 
to the present case. 
 
 
6.3.4.1 Approach followed by BGR 
 
a) General modelling features 
− Dimensions: 2D axisymmetric TH and HM analyses. 
− Couplings: one-way TH → HM (in fact, TH depending on suction). 
− Materials: TH: bentonite, rock, lamprophyres, concrete plug, steel liner, heater. 

HM: bentonite, steel liner 
− Load. history: heating (33 months). 
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b) Physical phenomena considered 
− Flows of liquid water and air. 
− Flow of heat. 
 
c) Main simplifying assumptions 
− Materials do not deform. 
− Thermal equilibrium. 
− No phase change liquid water ↔ water vapour. 
− Internal energy convective terms neglected in the balance of energy equation. 
− Constant specific heat and conductivity in the balance of energy equation. 
− Mechanical power neglected in the balance of energy. 
 
d) Equations solved 
− Water mass balance + unsaturated Darcy flow. 
− Air mass balance + unsaturated Darcy flow. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the bentonite model 
− Mechanical: rigid. 
− Hydraulic: retention curve: modified van Genuchten law (case def.). 

sat. wat. perm.: constant. 
rel. wat. perm.: depends on the degree of saturation via a power law (case 
def.) and on the swelling pressure (that depends on dry density and the degree 
of saturation). 

− Thermal: therm. conduct.: constant. 
 
f) Programs used 
− RF/RM (finite element method code developed by a research group: University of 

Tübingen, University of Hannover and Leibniz Institute for Applied Sciences). 
 
g) Remarks 
− Since no phase change was implemented, dehydration of the buffer near was 

simulated by a decrease in water saturation. 
 
 
6.3.4.2 Approach followed by CNS 
 
a) General modelling features 
− Dimensions: 3D analysis with axisymmetric geometry (1/4 of the full geometry). 
− Couplings: full THM. 
− Materials: bentonite, surrounding rock, lamprophyre dykes, concrete plug, heater. 
− Load. history: buffer hydration (6 moths) and heating (33 months). 
 
b) Physical phenomena considered 
− Mechanical deformation. 
− Flows of liquid water and water vapour. 
− Phase change liquid water ↔ water vapour. 
− Flow of heat. 
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c) Main simplifying assumptions 
− Constant gas pressure. 
− Mechanical power neglected in the balance of energy. 
− Thermal equilibrium. 
− Vapour flux is induced by temperature gradients. 
− Internal energy convective terms neglected in the balance of energy equation. 
− Specific heat of dry air and water vapour (hence, latent heat of phase change) 

neglected in the balance of energy equation. 
 
 
d) Equations solved 
− Balance of momentum for the porous medium. 
− Water mass balance + unsaturated Darcy flow + vapour flux. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the bentonite model 
− Mechanical: state surface, effective stress (net stress and suction) 
− Hydraulic: retention curve: linear water content−log(suction) relation (case def.). 

sat. wat. perm.: depending on dry density. 
rel. wat. perm.: depending on Sr with a power law (case def. with a different 
exponent). 
therm. vap. diff.: constant 

− Thermal: therm. conduct.: depending linearly on Sr (references). 
 
f) Programs used 
− FRACON (finite element method code developed by Canadian Atomic Energy 

Control Board and McGill University). 
 
 
6.3.4.3 Approach followed by DOE 
 
a) General modelling features 
− Dimensions: 3D TH and TM analyses. 
− Couplings: one-way TH → TM (in fact, TH → M). 
− Materials: TH: bentonite, surrounding rock, lamprophyre dykes, heater. 

TM: bentonite, surrounding rock, lamprophyre dykes, heater. 
− Load. history : buffer hydration (192 days) and heating (33 months). 
 
b) Physical phenomena considered 
− Mechanical deformation. 
− Flows of liquid water and water vapour. 
− Phase change liquid water ↔ water vapour. 
− Flow of heat. 
 
c) Main simplifying assumptions 
− Constant gas pressure. 
− Thermal equilibrium. 
− No water vapour pressure lowering in the bentonite (Sr = 1 whenever water is 

present) 
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d) Equations solved 
− Balance of momentum for the porous medium. 
− Water mass balance + unsaturated Darcy flow + vapour flux. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the bentonite model 
− Mechanical: Sandia Cap Model with strains due to suction and temperature 
− Hydraulic: retention curve: modified van Genuchten law. 

sat. wat. perm. : constant. 
rel. wat. perm. : depending on Sr with a power law (case def.) 

− Thermal : therm. conduct.: depending linearly on Sr. 
 
f) Programs used 
− TH calculations. THOUGH2 (commercial finite difference code). 
− TM calculations: JAS3D (finite element code developed at Sandia National 

Laboratories) 
 
 
6.3.4.4 Approach followed by IPS 
 
a) General modelling features 
− Dimensions: 1D plane strain axisymmetric analysis. 
− Couplings: Full THM via staggering. 
− Materials: bentonite, surrounding rock, heater. 
− Load. history: equilibrium buffer hydration, heating (33 months). 
 
b) Physical phenomena considered 
− Mechanical deformation. 
− Flow of liquid water. 
− Flow of heat. 
 
c) Main simplifying assumptions 
− Constant gas pressure. 
− Thermal equilibrium. 
− Water vapour flux neglected. 
− No phase change liquid water ↔ water vapour.. 
− Dry air is not taken into account in the balance of energy. 
 
d) Equations solved 
− Balance of momentum for the porous medium. 
− Water mass balance + unsaturated Darcy flow  
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the bentonite model 
− Mechanical: Biot’s thermoporoelastoplasticity (linear elasticity and associated 

Cam-clay plasticity) with a pseudo Biot coefficient to account for the swelling 
pressure due to changes in suction. 

− Hydraulic: retention curve: modified van Genuchten law. 
sat. wat. perm.: constant 
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rel. wat. perm.: depending on Sr via a power law (case def. with a different 
exponent). 

− Thermal: therm. conduct.: constant. 
 
f) Programs used 
− T calculations. CHEF (own finite element code). 
− H calculations: HYDREF (own finite element code). 
− M calculations: VIPLEF (own finite element code).  
 
 
 
6.3.4.5 Approach followed by JNC 
 
a) General modelling features 
− Dimensions: 3D analysis (1/2 of the full geometry). 
− Couplings: full TH. 
− Materials: bentonite, rock, lamprophyres, concrete plug, heater. 
− Load. history: heating (33 months). 
 
b) Physical phenomena considered 
− Flows of liquid water and water vapour. 
− Phase change liquid water ↔ water vapour. 
− Flow of heat. 
 
c) Main simplifying assumptions 
− Materials do not deform. 
− Air is not taken into account (constant gas pressure). 
− Thermal equilibrium. 
− Vapour flux is induced by temperature gradients. 
 
d) Equations solved 
− Water mass balance + unsaturated Darcy flow + vapour flux. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the bentonite model 
− Mechanical: rigid. 
− Hydraulic: retention curve: modified van Genuchten (case def.). 

sat. wat. perm.: depends on dry density (in this case, constant) rel. wat. perm.: 
depends on Sr with a power law (case def.) 
therm. vap. diff.: constant 

− Thermal: therm. conduct.: depending on Sr (references). 
 
f) Programs used 
− THAMES3D (finite element method code developed by Kyoto University). 
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6.3.4.6 Approach followed by SKB 
 
a) General modelling features 
− Dimensions: 2D axisymmetric T and HM analyses. 
− Couplings: full T↔HM via staggering. 
− Materials: T: bentonite, rock, lamprophyres, concrete plug, heaters. 

HM: bentonite. 
− Load. history: heating (33 months). 
 
b) Physical phenomena considered 
− Mechanical deformation. 
− Flows of liquid water and water vapour. 
− Phase change liquid water ↔ water vapour. 
− Flow of heat. 
 
c) Main simplifying assumptions 
− Air is not taken into account (constant gas pressure). 
− Thermal equilibrium. 
− Vapour flux is induced by temperature gradients (action of pressure gradients 

neglected). 
− Mechanical power neglected in the balance of energy. 
− Specific heat of water vapour (hence, latent heat of phase change) neglected in the 

balance of energy equation. 
 
d) Equations solved 
− Balance of momentum for the porous medium. 
− Water mass balance + unsaturated Darcy flow + vapour flux. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the bentonite model 
− Mechanical: thermoporoelastic (logarithmic elasticity and Drucker-Prager 

plasticity) based on Bishop’s effective stress with a moisture correction. 
− Hydraulic: retention curve: modified van Genuchten (case def.). 

sat. wat. perm. : depending on T and void ratio. rel. wat. perm. : 
depending on Sr via a power law (case def.). 
vap. therm. diff. : depending on Sr. 

− Thermal: therm. conduct.: depending on Sr via a Bolzman (case def.). 
 
f) Programs used 
− ABAQUS (commercial finite element method code) with some user-defined 

routines. 
 
 
6.3.4.7 Approach followed by SKI 
 
a) General modelling features 
− Dimensions: 3D analysis (1/2 of the full geometry, limited by a vertical plane). 
− Couplings: full THM. 
− Materials: bentonite, surrounding rock, lamprophyre dykes, concrete plug, heater. 
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− Load. history: buffer installation (4 months), buffer hydration (4.7 months) and 
heating (33 months). 

 
b) Physical phenomena considered 
− Mechanical deformation. 
− Flows of liquid water and water vapour. 
− Flow of heat. 
− Phase change liquid water ↔ water vapour. 
 
c) Main simplifying assumptions 
− Constant gas pressure. 
− Mechanical power neglected in the balance of energy. 
− Thermal equilibrium. 
− Phase change liquid water ↔ water vapour equilibrium. 
 
 
d) Equations solved 
− Balance of momentum for the porous medium. 
− Water mass balance + unsaturated Darcy flow + vapour Fick flow. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the bentonite model 
− Mechanical: state surface, effective stress (net stress and suction). 
− Hydraulic: retention curve: modified van Genuchten (case def.). 

sat. wat. perm.: depending on dry density rel. wat. perm.: depending on Sr via 
a power law (case definition). 
vap. Fick diff.: depending on all the unknown fields (T, pL, u). 

− Thermal: therm. conduct.: depending on Sr via a Boltzmann law (case def.). 
 
f) Programs used 
− ROCMAS (finite element method code developed at Lawrence Berkeley National 

Laboratory). 
 
 
6.3.4.8 Approach followed by STU 
 
a) General modelling features 
− Dimensions: 1D axisymmetric analysis. 
− Couplings: full TH coupling. 
− Materials: bentonite. 
− Load. history: buffer hydration (180 days) and heating (1000 days). 
 
b) Physical phenomena considered 
− Flows of liquid water and water vapour. 
− Flow of heat. 
− Phase change liquid water ↔ water vapour. 
 
c) Main simplifying assumptions 
− Constant gas pressure. 
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− Heat convection neglected. 
− Thermal equilibrium. 
 
d) Equations solved 
− Water mass balance + unsaturated water Darcy flow + vapour Fick flow. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the bentonite model 
− Mechanical: rigid. 
− Hydraulic: retention curve: approximates a mod van Genuchten law (case def.). 

sat. wat. perm.: constant rel. wat. perm.: power law (case definition). 
vap. Fick diff.: depending on Sr and T 

− Thermal : therm. conduct.: depending on Sr via a Boltzmann law (case def.). 
 
f) Programs used 
− ELMER (commercial finite element method code). 
 
g) Remarks 
− The formulation was based on a free energy function and on a dissipation function 

and the evolution laws for the internal variables complied with Ziegler’s 
orthogonality principle that insures the thermo-dynamical consistency of the 
model. 

 
 
6.4 Relevant physical phenomena 
 
    Previous modelling work of the FEBEX in situ test carried out at the UPC (see, for 
instance, Gens et al., 1998a) allowed an understanding of the physical phenomena 
involved in the thermo-hydro-mechanical behaviour of the bentonite buffer. This 
background together with the reports provided by the teams has been used in order to 
understand the success of the numerical predictions provided by the various teams. In 
this regard, the discussions among the teams and the coordinator during the project have 
been very useful. 
    This secction is structured as follows. First some features of the observed 
experimental data will be presented. Then, based on previous modelling work carried 
out at the UPC, the main processes taking place in the bentonite buffer are outlined. 
Finally, a summary of the physical phenomena that are considered to be relevant to 
reproduce the observed behavior are presented. These phenomena will be used in the 
next section in order to understand the success of the Numerical Predictions provided by 
the various teams. 
 
 
6.4.1 Features of the experimental data 
 
    Looking at the experimental data, a number of interesting features may be noticed. 
We will divide their presentation according to the variables requested in the case 
definition. 
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− Heating power. After switching to automatic control of the heating power 
(aiming at keeping the maximum temperature in the heaters at 100°C), the heating 
power initially decreases slightly and after about one year of operation, increases 
slightly without reaching a steady value during the first 1000 days of operation. 

− Relative humidity. Points in the buffer located near the granite become rapidly 
saturated, points near the heater experiences an intense desiccation and points near 
the centre of the bentonite buffer exhibit a more complex behaviour, whereby they 
initially become wetter reaching a maximum at about the 80 days of operation, 
later they rapidly become partially dry and finally they progressively become 
hydrated. 

− Temperature. Experimental measurements of temperature along the various 
radial directions are similar and steady state distributions are approached rather 
quickly. 

− Total stress. Rather complex total stress evolutions have been recorded, with 
different patterns even at points located at the same radial distance.  

 
    Concerning the experimental measuring of the total stresses, it should be born in 
mind that they are subject to difficulties and, due to the blocky nature of the bentonite 
buffer, they may be quite different at neighbouring points. 
 
 
6.4.2 Main processes taking place in the bentonite barrier 
 
    Based on previous modelling work of the FEBEX in situ test, the main processes 
taking place on the bentonite barrier will be briefly presented. It must be borne in mind 
that these processes are deemed to be relevant to the present case, but in other 
(apparently) similar cases, it may well happen that some of these processes relevant to 
the present case become irrelevant, while other processes irrelevant to the present case 
become relevant. Furthermore, since only the first 1000 days of operation of the FEBEX 
in situ test are considered, it may also occur that some processes irrelevant during that 
initial period become important at later stages. 
    Figure 6.1 shows a general scheme of the main hydro-thermal processes taking place 
in the near field. As in the case of the observed features of the experimental data, the 
presentation will be divided according to the variables requested in the case definition. 
 
− Heating power. As the degree of saturation varies, induces a variation of the 

thermal conductivity, due to the different thermal conductivities of water vapour 
(lower) and liquid water (higher). Thus, as the buffer barrier saturates, its thermal 
conductivity will increase and, consequently, the heating power will have to 
increase in order to keep constant the maximum temperature on the canister. 
Therefore, the observed heating power evolution may be explained using a 
saturation-dependent thermal conductivity. 

− Relative humidity. Points in the buffer located near the granite become rapidly 
saturated, due to the high initial suction of the bentonite. Points in the buffer 
located near the heater become dryer due to the vaporisation of liquid water 
induced by the heat released by the heater. Points in the buffer located near the 
centre of the bentonite become wetter due to the condensation of the diffusive 
vapour flow originated by the vaporisation of water near the heater. The 
condensation of water increases locally the water pressure originating a water flux 
towards the heater. These two fluxes form a convective cell (see Figure 6.2) that 
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expands until it is forced to shrink by the wetting front coming from the granite. 
Therefore, the observed relative humidity evolutions and distributions may be 
explained taking into account the change of phase between liquid water and water 
vapour (vaporisation and condensation), the (diffusive) flux of water vapour and 
the convective flux of liquid water. 
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Figure 6.1: Scheme of thermo-hydraulic processes in the near field, taken from Gens et 
al. ( 2003). 
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 134



− Temperature. Since convective and diffusive heat flows are due to transport by 
the comparatively slow fluid motions and temperature distributions approach 
rather quickly a steady state, it is concluded that heat flow is dominated by 
conduction. The evolution of the temperature distributions may be explained by a 
dependence of the thermal conductivity on the degree of saturation. Therefore, as 
in the case of the heating power, the observed temperature distributions may be 
explained using a saturation-dependent thermal conductivity. 

− Total stress. Since the buffer is made of bentonite blocks that do not fill 
completely the space between the granite and the heaters, initially complex stress 
distributions may be attributed to the formation of force chains due to the 
interlocking of the bentonite blocks as they swell due to hydration. This may 
explain the different behaviour observed at points located at similar radial 
distances to the test axis.   
From the previous considerations, it is apparent that a full thermo-hydro-
mechanical model is required to model the present case. However, the 
following simplifications were found to be pertinent to the FEBEX in situ 
test: 

− Negligible influence of the rock massif. As the saturated water permeability is 
much higher in the granite than in the bentonite, hydration of the bentonite buffer 
does not depend on the granite.    

− Constant gas pressure. As the gas permeability is much higher than the water 
permeability in the bentonite, the gas pressure remains essentially constant.    

− Plastification in the bentonite. As the bentonite buffer is confined in all 
directions, deviatoric stresses turn out to be insufficient to reach a plastic state. 
Therefore, the use of a poroelastic model may be sufficient to model the 
mechanical deformations of the bentonite buffer, provided that the suction-
induced deformations are taken into account.    

 
    To conclude, it should be noted that the degree of saturation plays a key role and 
shows the effects of inner heating and outer hydration from the granite massif in a direct 
manner. 
 
 
6.4.3 Summary of the relevant physical phenomena 
 
    In order to explain the success of the Numerical Predictions provided by the various 
teams, the physical processes shown in Table 1 will be considered. As explained above, 
these physical processes have a direct influence on the evolutions and distributions of 
the variables requested in the case definition. 
    In the next section, the consideration of these physical phenomena by the modelling 
approaches followed by the various teams will be examined. 
 
 
6.5 Comparison of experimental data with predictions 
 
    In the present report, by “blind” predictions for Part B we mean the numerical 
predictions that were made before the experimental data were disclosed to the teams. 
Not all the teams involved in Part B of Task 1 submitted “blind” predictions and not all 
“blind” predictions provided all the required results. However, we believe that these 
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“blind” predictions are very valuable, as they addressed the problem in the same way 
that it would be addressed in real instances.   
    In order to reflect both the “learning” and the “blind” aspects of Task 1, we compare 
the experimental data with both the “latest” and the “blind” predictions. On the other 
hand, since the modelling approaches presented in Section 6.4 are based on the last 
version of the corresponding reports, which are included as Appendixes in the 
accompanying CD-ROM, we will only make comments to the “latest” predictions. 
 
   
6.5.1 Comparison with “latest” predictions 
 
    In this subsection, the “latest” numerical predictions by the teams will be compared 
with the corresponding measured values. From the set of all required numerical 
predictions, only a representative subset will be presented here in graphical form, as 
presented in the following figures. In these comparison plots, the predictions by each 
team are identified using the corresponding symbol, colour and 3-character code shown 
in Table 1.1 of Chapter 1. Measured data is identified with the acronym UPC, which 
corresponds to the coordinator. For clarity, figures have been split in two parts, whereby 
predictions by BGR, CNS, DOE and IPS against experimental data are shown in the 
first part of the figures and predictions by JNC, SKB, SKI and STU against 
experimental data are shown in the second part of the figures. 
    In order to fully appreciate the reasons for the performance of a given model, their 
features should be considered in detail, as provided in the corresponding report. Table 
6.2 provides an overview of the consideration by the various models of the couplings 
and some key factors identified in the previous Section as relevant to the present case. 
    Comments on comparisons plots are provided according to the variables whose 
evolutions and or distributions were requested in the case definition, namely: heating 
power, relative humidity, temperature and total stress. 
 
 
Table 6.2: Consideration of couplings and some key factors by the teams (in the BGR 
model, * indicates that the mechanical reduces to consider a dependency on the 
swelling pressure).  
Team Couplings Dimens liq ↔ gas Vap. flux kw(Sr) λT(Sr) εv(s) 
ANG – – – – – – – 
BGR TH→HM* 2   ■   
CNS THM 3 ■ ■ ■  ■ 
DOE TH→TM 3 ■ ■ ■ ■ ■ 
IPS THM 1   ■   
JNC TH 3  ■ ■ ■  
SKB THM 2 ■ ■ ■ ■ ■ 
SKI THM 3 ■ ■ ■ ■ ■ 
STU TH 1 ■ ■ ■ ■  
Abbreviation Physical phenomena 
liq ↔ gas Phase change between liquid water and water vapour 
vap. flux Vapour flux 
kw(Sr) Saturation-dependent water permeability 
λT(Sr) Saturation-dependent thermal conductivity 
εv(s) Suction-induced deformations 
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− Heating power. The comparison of the measured values with the predicted 
evolutions of heating power at Heater 1 (see Figure 6.3) shows that predictions by 
DOE and SKB are very good, predictions by CNS, JNC, SKI and STU are good 
and predictions by BGR and IPS deviate about 25 % from the measured values. 
From the key factors considered in Table 6.2, we see that the two best predictions 
(DOE and SKB) take into account all them, whereas the two worst predictions 
(BGR and IPS) take into account only the dependency of the hydraulic 
conductivity on the degree of saturation. We note further that only the predictions 
by SKB and STU exhibit a long-term monotonous increase of the heating power 
with time. 

− Relative humidity. As explained earlier, the degree of saturation or, equivalently 
(via the water retention curve and the psychrometric law), the relative humidity 
plays a key role in the behaviour of the bentonite barrier we compare the 
measured values with the predictions from a number of perspectives. In Section 
E1 (cross section through Heater 1) we consider radial distributions (see Figure 
6.4) and evolutions at three radial distances (see Figure 6.6). In Section H (cross 
section between the heaters) we will consider radial distributions (see Figure 6.5) 
and evolutions at three radial distances (see Figure 6.7). Looking at the radial 
distributions in Section E1, we see that predictions by CNS, SKB, SKI and STU 
are very good, whereas predictions by BGR, DOE and IPS deviate substantially 
from the measured values. Looking at the radial distributions in Section H, 
however, we see that predictions by CNS, SKB and SKI are very good, whereas 
predictions by BGR, DOE, IPS and STU deviate substantially from the measured 
values. The different success of the predictions by STU in Section E1 and in 
Section H is due to the use a 1D approach (cross section through one heater). The 
evolutions turn out to be more difficult to predict. Looking at the evolutions in 
Section E1, we see that predictions by CNS are very good, predictions by SKB 
and SKI (except for the awkward prediction for point E1H, close to the heater) are 
good and predictions by BGR, DOE (except for a good prediction for the point 
E1G, close to the granite) and IPS (except for a good prediction for point E1G, 
close to the granite) deviate substantially from the measured values. The 
evolutions at Section H prove more difficult to predict, and we see that predictions 
by SKB and SKI are good, predictions by BGR deviate substantially from the 
measured values, whereas predictions by CNS, DOE and STU are good for only 
two of the three points. It is interesting to note that predictions by SKB and SKI 
(generally good predictions) take into account all the key factors, predictions by 
CNS (generally good predictions) take into account all the key factor except one 
(thermal conductivity depending on the degree of saturation), but predictions by 
BGR and IPS (generally deviating substantially from the measured values) take 
into account only one of the key factors (permeability depending on the degree of 
saturation). Note, however, that predictions by DOE (generally deviating 
substantially from the measured values) take into account all the key factors. 
Finally, let us mention that, since the predictions provided by JNC were for 
degree of saturation instead of the relative humidity, they have not been included 
in the comparison plots of relative humidity.  
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− Temperature.  The comparison of the measured values with the predicted radial 
distributions of temperature in Section D1 (cross section through the edge closest 
to the concrete plug of Heater 1) at 90 and 1000 days (see Figure 6.8), shows that 
predictions by SKB and SKI are very good, predictions by BGR, DOE and STU 
are good and predictions by CNS, IPS and JNC deviate about 10°C from the 
measured values. We further note that, contrary to the measured trends,  



predictions by CNS and STU appear to have reached nearly steady state 
conditions at 90 days, as they are quite similar to the corresponding predictions at 
1000 days.   
Total stress. The comparison of the measured values with the predicted 
evolutions of radial total stresses in Section E2 (cross section through Heater 2) at 
three radial distances (see Figure 6.9) shows that none of the predictions is able to 
follow the measured trends. Looking at the measured values, we see that the radial 
total stresses at the three points of measure exhibit an essentially monotonous 
increase with time, being the increase rate near the granite (points E2G1 and 
E2G2) higher than near the heater (point E2H1). Only the predictions by CNS and 
SKB reproduce a rate of increase of total radial stresses near the granite different 
than near the heater. However, SKB predicts for the point located near to the 
heater the behaviour observed for the points near to the granite and viceversa, 
whereas CNS predicts widely different behaviours for the two points located near 
the granite and nearly steady state conditions after 150 days. On the other hand, 
predictions by DOE, IPS and SKI do not get a behaviour for the 2 points near the 
granite essentially different from the behaviour of the point near the heater. In this 
regard, the predictions by DOE and SKI are close to the measured values for the 2 
points near the granite, whereas the prediction by IPS are close to the measured 
values for the point near the heater. Finally, let us mention that, since the models 
used by BGR, JNC and STU considered all materials to be rigid, they could not 
provide predictions for stresses. 

 
    It should be mentioned that, as indicated in the previous Section, some teams have 
used measured values (that should have been predicted by the model) in order to 
overcome some drawbacks of their model. Obviously, this is not possible in a “blind” 
prediction. 
 
 
6.5.2 Comparison with “blind” predictions 
 
     In this Subsection, the “blind” numerical predictions by the teams will be compared 
with the corresponding measured values. As indicated earlier, no specific comments 
will be made to these comparison plots with “blind” predictions because the various 
modelling approaches that have been presented in section 6.5.1 are based on the latest 
version of the reports provided by the teams, which are included as Appendixes to the 
present Project Report. 
    Only three teams submitted “blind” predictions for Part B, namely BGR, SKB and 
SKI, and some of the comparison plots between the blind predictions made by these 
three teams and the measured data are presented in Figures 6.10 – 6.14, regarding the 
heating power at Heater E1 (Figure 6.10), relative humidity in section E1 (Figure 6.11) 
and section H (Figure 6.12), relative humidity at section E1 and H at three radial 
distances (Figures 6.13 and 6.14), respectively. 
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Figure 6.3a: Measured and predicted evolutions of heating power at Heater 1 (1/2). 
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Figure 6.3b: Measured and predicted evolutions of heating power at Heater 1 (2/2). 
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Figure 6.4a: Measured and predicted radial distributions of relative humidity in Section 
E1 at t = 1000 days (1/2). 
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Figure 6.4b: Measured and predicted radial distributions of relative humidity in Section 
E1 at t = 1000 days (2/2). 
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Figure 6.5a: Measured and predicted radial distributions of relative humidity in Section 
H at t = 1000 days (1/2). 
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Figure 6.5b: Measured and predicted radial distributions of relative humidity in 
Section H at t = 1000 days (2/2). 
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Figure 6.6a: Measured and predicted evolutions of relative humidity in Section E1 at 3 
radial distances (1/2). 
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Figure 6.6b: Measured and predicted evolutions of relative humidity in Section E1 at 3 
radial distances (2/2). 
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Figure 6.7a: Measured and predicted evolutions of relative humidity in Section H at 3 
radial distances (1/2). 
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Figure 6.7b: Measured and predicted evolutions of relative humidity in Section H at 3 
radial distances (2/2). 
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Figure 6.8a: Measured and predicted radial distributions of temperature in Section D1 
at t = 90 days and t = 1000 days (1/2). 
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Figure 6.8b: Measured and predicted radial distributions of temperature in Section D1 
at t = 90 days and t = 1000 days (2/2). 
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Figure 6.9a: Measured and predicted evolutions of radial total stresses in Section E2 at 
3 radial distances (1/2). 
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Figure 6.9b: Measured and predicted evolutions of radial total stresses in Section E2 at 
3 radial distances (2/2). 
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Figure 6.10: Measured and predicted evolutions of heating power at Heater 1. 
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Figure 6.11: Measured and predicted radial distributions of relative humidity in Section 
E1 at t = 1000 days. 
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Figure 6.12: Measured and predicted radial distributions of relative humidity in Section 
H at t = 1000 days. 
 
 

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600 700 800 900 1000

Time (day)

R
el

at
iv

e 
H

um
id

ity
 (%

)

BGR E1H BGR E1C BGR E1G
SKB E1H SKB E1C SKB E1G
SKI E1H SKI E1C SKI E1G
UPC E1H UPC E1C UPC E1G

 
Figure 6.13: Measured and predicted evolutions of relative humidity in Section E1 at 3 
radial distances. 
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Figure 6.14: Measured and predicted evolutions of relative humidity in Section H at 3 
radial distances. 
 
 
6.6 Discussion and conclusions 
 
    The heating power is a global variable of the barrier performance dominated by the 
heat conductivity of buffer and rock. As the buffer becomes progressively saturated in 
the mid and long term, the average heat conductivity of the bentonite increases and the 
required heating power to maintain a constant temperature at the heater-buffer contact 
should increase. In fact, the recorded evolution of heating power showed this increase, 
once the transient period associated with the starting procedure disappeared. Models 
which do not include a dependence of λT on Sr cannot reproduce this effect. 
Surprisingly, only one of the predictions (SKB) matched correctly the actual behaviour. 
    The distribution and evolution of relative humidity offers a very good image of 
relevant thermal and hydraulic phenomena taking place in the barrier. Early stages of 
heating are dominated by phase changes in the inner part of the buffer. Evaporation 
close to the heater and condensation of the outward migrating vapour flow explain the 
observed changes in relative humidity. Models which o not include vapour generation 
and flow (BGR, IPS, JNC) cannot reproduce the measurements. Relatively humidity  
changes are weakly related to stress changes, provided the changes in void ratio (or joint 
openings among bentonite blocks) are not significant. It is expected that the joints in the 
inner part of the buffer remain open during the simulation period considered in the 
analysis. Joints of the outer buffer will certainly close and this effect may affect, to a 
certain extent, the convective flow of water. However, in global terms, the porosity of 
the buffer remains constant due to the rigid confinement offered by the rigid granite. 
Therefore, changes in intrinsic permeability coefficients, induced by stress variations, 
are expected to be low. Accordingly, the correct prediction of relative humidity changes 
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does not require a mechanical coupling. This is the case of STU that is able to reproduce 
in a satisfactory manner relative humidity changes in the buffer. 
    One of the relevant features of the measurements is the transient drying-wetting-
drying and final wetting of points located in the inner rings of the buffer. This is a 
consequence of the following successive events: Initial fast increase of temperature, 
condensation of a wave of hot vapour arriving from the inner portions of the bentonite, 
the dominating effect, in the mid term, of the temperature increase and the long term 
arrival of the outer wetting front. Models that include a correct TH coupling, as outlined 
above, are capable of reproducing the observed behaviour. This is specially the case for 
some predictions affecting cross section through the center of heaters. The recorded 
behaviour of some points in the central section is more complex and it was not 
reproduced accurately in models. Preferential vapour flow paths along open joints, 
which may have played a role in this case, was not considered in the models used. 
    Another issue refers to the dimensionality of the problem. One-dimensional coupled 
modelling (IPS) is capable of making good predictions in cross sections centered in the 
heaters. Axial symmetry is a good simplification in this case. Obviously, the central 
section of the test, requires 2D or 3D analysis. The effect of discrete conducting features 
of the rock (shear zones, lamprophyre-granite contacts) on buffer hydration was, 
according with measurements of RH distributions along different axis of a given cross 
section, of minor relevance. This behaviour was explained by the relatively high value 
of the granite matrix permeability, which was sufficient to hydrate the bentonite buffer. 
In other words, bentonite permeability controls its own rate of hydration and the rock 
matrix is capable of providing all the required flow of water. One of the 3D analyses 
(SKI), included in a simplified manner the actual position of the conductive rock 
features. The results obtained indicated a minor effect of the concentrated water inflows. 
Therefore, 2D axisymmetric models provide good results in this case. 
    Temperature distributions an evolutions offer limited information to discriminate the 
physical phenomena taking place in the buffer. Somewhat unexpectedly, temperature 
predictions varied significantly among modelling teams. The actual recorded values 
tend to remain at the average of all calculations. 
    Stress predictions require fully coupled THM models. Recorded radial stresses 
display the development of the swelling potential of the bentonite as it becomes wetter. 
However, the inner zones experience a strong drying which induces the shrinkage of 
blocks and favours the concentration of stresses at some contacts. Radial stresses 
recorded in the outer part of the buffer have shown a continuous increase during the 
observation period and their value is in excess of 3MPa at the end of the first 1000days 
of testing. However, the cell located in the inner part of the buffer remained essentially 
unloaded during the same period. Some models reproduce this trend (SKB, CNS, DOE) 
whereas others (SKI, IPS) predict a rather homogeneous development of stresses within 
the buffer. Reasons for this discrepancy, which does not seem to be related to the 
particular mechanical constitutive model used, are not clear. In general models indicate 
a faster initial stress increase than actually recorded evolutions. At later dates, however, 
measured stresses maintain a constant rate of increase, unlike most models which show 
a decreasing rate of increase. Model behaviour is a typical one for stress development 
associated with an underlying swelling mechanism induced by transient flow. The 
kinetics of swelling stress development in the bentonite is probably a more complex 
phenomenon. 
    Despite all the difficulties mentioned, some of the fully coupled 2D and 3D analyses, 
and notably those presented by SKI and SKB, have achieved a good overall 
representation of the buffer response against the combined action of internal heating and 
external wetting.  
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7. Part C of Task 1: case definition 
 
 
7.1 Introduction 
 
    The purpose of this chapter is to define the modelling exercise for Part C. Rock and 
bentonite properties were defined in detail in the previous case definitions for Parts A 
and B (cf. Chapters 3 and 5) and will not be repeated here. Some details on the 
installation of rock sensors around the FEBEX drift will be given in section 7.2 and 
section 7.3 defines the results required for the modelling exercise. 
 
 
7.2 Rock instrumentation around the FEBEX drift 
 
    Sensors whose response will be predicted for Part C were all installed in 19 radial (or 
close to radial) small diameter boreholes from the FEBEX drift. The three-dimensional 
view of all the boreholes drilled is shown in Figure 3.2, together with the Cartesian co-
ordinate system. The origin is located at the intersection of the tunnel axis and the 
contact plane between the concrete plug and the bentonite buffer. Positive X axis is 
directed along the tunnel axis towards the other end of the test section. The Z axis is 
vertical, pointing upwards and the Y axis is perpendicular to the (XZ) plane. The 
position of all boreholes, their lengths and their diameters were given in the case 
definition for Part A (cf. Tables 3.1 and 3.2). 
    The co-ordinate system used in the Grimsel Test Site is the Swiss co-ordinate system. 
In order to define a point, use is made of east, north and height above the sea level. In 
order to define the direction of a line, use is made of the azimuth (angle formed by the 
projection of the line onto the horizontal plane with the north) and the inclination (angle 
formed by the line with the vertical plane) (cf. Figure 3.1). 
    The coding of the boreholes is consistent with the definition and naming of 
instrumented cross sections within the bentonite buffer. These sections are defined in 
Figures 5.2-5.7 of the case definition for Part B. The general coding of boreholes agrees 
with the following convention: S An m, where S stands for Section, An refers to the 
particular cross section (E1, E2, D1, D2, etc., with some sections have a single letter 
designation (L, N, G, H, I)), and m identifies the number of the borehole drilled in 
Section An. A maximum of 4 boreholes were drilled in a single section. 
    A total of 261 sensors were installed within the rock. They are indicated in Table 7.1 
under the column G (Granite). Most of the sensors listed in Table 3 were located within 
the set of 19 boreholes mentioned. In addition, boreholes BOUS-1, BOUS-2, FBX-1 
and FBX-2 drilled from the access tunnel were also used to locate some measuring 
instruments as described in the case definition for Part A. Finally, small diameter holes 
were also drilled from the FEBEX tunnel in order to locate within the granite, in the 
vicinity of the rock-bentonite interphase, a number of TDR probes and psychrometers. 
The following measured variables will be selected for the prediction exercise. 
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Table 7.1: Installed sensors (G: granite; B: bentonite; C: heater; S: service zone). 

Variable type of sensor area tota
l

(or instrument)  G B C S 
Temperature Thermocouple 62 91 36  189
Total pressure in borehole in rock (3-D) Vibrating wire 4   4
Total pressure on rock surface Vibrating wire 30   30
Total pressure on heater Vibrating wire 6   6
Hydraulic pressure in borehole in rock Piezoresistive 62   62
Packer pressure in borehole Piezoresistive 62   62
Pore pressure in bentonite Vibrating wire 52   52
Water content Capacitive 58  1 59
Water content Psychrometer 28 48   76
Water content TDR 4 20   24
Extensometer in rock Vibrating wire 2x3   6
Heater displacement Vibrating wire 9   9
Expansion of bentonite block Vibrating wire 8   8
Displacement within the bentonite barrier Potentiometer 2x3   6
Clinometer LVDT 6x2   12
Crack meter LVDT 1x3   3
Gas pressure in the bentonite barrier Magnetic 4   4
Gas flow Manual measure 6   6
Atmospheric pressure Piezoresistive  1 1
Velocity of ventilation air Hot wire  1 1
Resistor intensity Electric converter  6 6
Resistor voltage Electric converter  6 6
TOTALS  261 320 36 15 632

 
 
7.2.1 Temperature 
 
    T-type thermocouples were installed at different positions I the boreholes (other 
temperature sensors were integrated into other instruments for the sensors of 
temperature compensation). Thermocouples offer a good stability and accuracy. They 
are also protected against corrosion. Their temperature range is 0-350 ºC. 
 
 
7.2.2 Water pressure in rock boreholes  
 
    Sets of packers have been placed in all boreholes. This set-up divides the boreholes 
into measurement intervals (Figure 7.1). Hydraulic pressures at the intervals, limited by 
the packers, were measured by manometers by means of flexible tubes. Regular 
pressure transducers are then used to measure pressure. 
 
 
7.2.3 Total normal stresses  
 
    Three normal components of stress are measured by means of total pressure cells. 
Four sets of 3 cells were prepared and grouted “in situ” in boreholes SG1 and SG2. 
    Each cell had five sensors oriented in different directions (see Figure 7.2) and fixed 
on a common support 2 m long. Each one of the sensors was a circular steel flat cell. An 
interpretation of the five readings provides the normal stress components in three 
directions: radial (with respect to the tunnel axis) (σr), axial (along the direction of 
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tunnel axis) (σx) and circumferential (normal to the radial direction (σθ). The 
installation of these cells required a special system of rods, packers and anchors (Figure 
7.3). Once the sets were in position the borehole was filled with a slightly expansive 
mortar. Once the mortar was cured, cells were pressurized against the mass of 
surrounding mortar to guarantee a good initial contact in accordance with manufacturer 
specifications. 
 

 

Figure 7.1: Installation of 
hydrogeological 
measuring devices in 
granite boreholes. 

 

 
 

 

Figure 7.2: Set of 
total pressure 
sensors for the 
three-dimensional 
measuring of 
stresses in 
boreholes in 
granite. 
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Figure 7.3: Method of emplacement of triaxial total pressure cells in borehole SG1. 
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7.2.4 Radial displacements  
 
    Radial displacements were measured by means of borehole extensometers installed in 
borings SI1 and SI2. They are located close to the position of the stress cells. Each 
parameter consists of the graphite rods with independent anchoring points located at a 
depth of 1.0, 3.0 and 7.0 m into the borehole. Transducers are grouped at the borehole 
entry and this set-up required an over-excavation to a diameter of 250 mm Figures 7.4 
and 7.5 show details of the installation. 
 

 
 
 
7.2.5 Location of the sensors  
 
    The position of the sensors involved in this exercise
these figures, the final co-ordinates (X, Y, Z) of sensor
refer to the central point of the measuring zone or inte
was defined at the beginning of the present Section (se
    Each sensor is identified by the following code: A
the sensor type according to Table 7.1, BBn stands 
borehole coding already described, and CC is the orde
corresponding borehole. 
 
 
7.3 Required results. 
 
 
7.3.1 Work to be done. 
 
    Four types of results are required. They refer to: 
− Evolution (in time) of temperature (T) in sel

distance. 
− Evolution of water pressure (pw) in selected poin
− Evolution of normal stresses (σr, σθ, σx) in se

distance. 
− Evolution of radial displacements (ur) in sele

distance. 
− Distribution of water pressure, pw, along differen
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Figure 7.4: Head of one of 
the extensometers 
(borehole SI-2). Note the 
edges of water caused by 
the drilling process. 
 is indicated in Figures 7.6-7.8. In 
s are also given. The co-ordinates 
rval. The co-ordinate system used 
e Figure 3.1). 
A – BBn – CC, where represents 
for the location according to the 
r number of the sensor within the 

ected points at increasing radial 

ts at increasing radial distance. 
lected points at increasing radial 

cted points at increasing radial 

t radii for three selected times. 



 
 
Figure 7.5: Method of emplacement of rod extensometers in the granite boreholes. 
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Figure 7.6: Final position of sensors in boreholes SF21, SF22, SF23 and SF24. 
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Figure 7.7: Final position of sensors in boreholes SG1 and SG2. 
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Figure 7.8: Final position of sensors in boreholes SI1 and SI2. 
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    The origin of time for the purposes of this exercise will be taken as the day of heating 
switch-on (February 27th, 1997). As a reminder, the following operations were carried 
out at the site in advance to the start of heating: 
 
− Tunnel excavation Sept. 25, 1995 – Nov. 9, 1995 
− Borehole drilling from the FEBEX tunnel February – April 1996 
− Bentonite buffer and heater installation July 1, 1996 – Oct. 15, 1996 
− Installation of control system Oct. 15, 1996 – Feb. 27, 1997 
− Start heating Feb. 27, 1997 (Day “0”) 
 
    The sequence of heating is defined in Table 7.2 
 
Table 7.2: Heating sequence. The automatic control was adjusted in order to reach 100 
°C at the hottest point of the heaters. 

Time after switching “on” Electric power 
Days 0-20 1200 Watt per heater 
Days 20-53 2000 Watt per heater 

From Day 53 on switched to automatic control 
 
 
7.3.2 Evolution of temperature at selected points. 
 
    The evolution of temperature along time, within the period (Day 0 – Day 1000) is 
required at the following points: 
 
 
Borehole SF21 (borehole entry located at X = 12.65 m) 

Sensor coordinates (m) Point X Y Z 
1 12.65 -0.08 1.21 
2 12.67 -0.09 2.63 
3 12.70 -0.13 4.97 
4 12.73 -0.19 12.93 

 
 
 
Borehole SF22 (borehole entry located at X = 12.64 m) 

Sensor coordinates (m) Point X Y Z 
1 12.64 -1.40 -0.38 
2 12.60 -2.93 -0.73 
3 12.49 -9.26 -2.19 
4 12.43 -12.67 -3.00 

 
 
7.3.3 Evolution of water pressure at selected points. 
 
    The evolution of water pressure along time within the period (Day 0 – Day 1000) is 
required at the following points: 

 159



Borehole SF21 (borehole entry located at X = 12.65 m) 
Sensor coordinates (m) Point X Y Z 

1 12.67 -0.10 3.03 
2 12.71 -0.15 8.18 
3 12.72 -0.20 13.58 

 
Borehole SF22 (borehole entry located at X = 12.64 m) 

Sensor coordinates (m) Point X Y Z 
1 12.56 -5.34 -1.29 
2 12.47 -10.21 -2.42 
3 12.41 -13.38 -3.17 

 
Borehole SF23 (borehole entry located at X = 12.64 m) 

Sensor coordinates (m) Point X Y Z 
1 12.59 0.82 -5.21 
2 12.54 1.50 -9.07 
3 12.49 2.10 -12.50 

 
Borehole SF24 (borehole entry located at X = 12.01 m) 

Sensor coordinates (m) Point X Y Z 
1 12.06 5.11 -1.05 
2 12.16 11.51 -2.17 

 

 

7.3.4 Evolution of normal stresses (σr, σθ, σx) at selected points. 
 
    The evolution of three normal components of stress within the period (Day 0 – Day 
1000) is required at the following points: 
 
 
 
 
Borehole SG1 (borehole entry located at X = 9.13 m) 

Sensor coordinates (m) Point Stress X Y Z 
1 σx 9.14 -0.06 2.42 
2 σθ 9.14 -0.06 2.80 
3 σr 9.14 -0.06 3.08 
4 σx 9.23 -0.01 7.22 
5 σθ 9.24 0.00 7.59 
6 σr 9.25 0.00 7.87 
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Borehole SG2 (borehole entry located at X = 9.13 m) 
Sensor coordinates (m) Point Stress X Y Z 

1 σx 9.14 -2.54 -0.55 
2 σθ 9.14 -2.91 -0.62 
3 σr 9.15 -3.18 -0.67 
4 σx 9.20 -6.24 -1.27 
5 σθ 9.21 -6.63 -1.35 
6 σr 9.21 -6.98 -1.41 

 
 
7.3.5 Evolution of radial displacements (ur) at selected points. 
 
    The evolution of radial displacements within the period (Day 0 – Day 1000) is 
required at the following points: 
 
Borehole SI1 (borehole entry located at X = 10.14 m) 

Anchor coordinates (m) Point X Y Z 
1 10.14 -0.05 2.03 
2 10.16 -0.03 4.03 
3 10.19 0.03 8.03 

 
Borehole SI2 (borehole entry located at X = 10.14 m) 

Anchor coordinates (m) Point X Y Z 
1 10.14 -2.17 -0.48 
2 10.17 -4.14 -0.83 
3 10.23 -8.08 -1.53 

 
 
7.3.6 Distribution of water pressure, pw, along different radii for three  
         selected times. 
 
    The distribution of water pressure along the boreholes SF21, SF22, SF23 and SF24 
(see Figure7.69) is required at the following times: 
 

Time days 
T1 100 
T2 600 
T3 1000 

 
 
7.3.7 Output specifications. 
 
    In order to locate points in the space, the cartesian system of coordinates used is 
represented in Figure 1 will be used. The origin is located on the intersection of the 
tunnel axis with the surface of the concrete plug in contact with the bentonite barrier. 
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The x-axis is directed along the tunnel axis and points towards the end of the tunnel, 
nearly to the west. The y-axis is horizontal and points nearly to the south. The z-axis is 
in the vertical plane that contains the x-axis and points upwards. In order to locate 
events on time, the origin of time will be on 27 February 1997 at 0:00. 
    The output data should conform with the document "General Specifications". The 
following points are recalled: (1) the modelling report should be put in the WinWord 
file "XXX1C.doc"; (2) output data should be put in the ASCII files "XXX1CNN.txt", 
where "XXX" stands for the participant's code and “NN” is the file number; (3) data 
should be arranged in a way similar to that shown in Figures 7.9 to 7.12; and (4) the 
points provided should be enough to properly define the evolution curve. 
    The 5 ASCII files where output data should be placed and their content are: 
 
− XXX1C01.txt contains the temperature evolutions at the 8 (2 boreholes × 4 

points) specified points. 
− XXX1C02.txt contains the water pressure evolutions at the 11 (3 boreholes × 3 

points + 1 borehole × 2 points) specified points. 
− XXX1C03.txt contains the evolutions of a total stress component at the 12 (2 

boreholes × 6 points) specified points. 
− XXX1C04.txt radial displacement evolutions at 6 (2 boreholes × 3 points) 

specified points. 
− XXX1C05.txt contains the water pressure distributions along 4 the specified 

boreholes and at the 3 selected times. 
 
    The units to employ in the output files are: (1) coordinates x, y, z in m; (2) time t in 
days; (3) temperature T in °C; (4) water pressure P in MPa; (5) total stress components 
s_x in MPa; and (6) radial displacement u_r in m. Concerning the sign conventions, the 
positive sign corresponds to (1) compressions for the total stress components; and (2) 
moving away from the FEBEX drift for radial displacements. 
 
 
FILENAME   : XXX1C01.txt 
PARTICIPANT: Participant's identification 
DATE       : DD.MM.YY 
 
Temperature T (°C) evolutions 
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    T (°C)      
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...               
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    T (°C)  
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...               
 
Figure 7.9: Example of output file "XXX1C1.txt". 
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FILENAME   : XXX1C02.txt 
PARTICIPANT: Participant's identification 
DATE       : DD.MM.YY 
 
Water pressure P (MPa) evolutions 
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    P (MPa)        
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...      
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    P (MPa)        
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...  
 
Figure 7.10: Example of output file "XXX1C02.txt". 
 
 
 
FILENAME   : XXX1C03.txt 
PARTICIPANT: Participant's identification 
DATE       : DD.MM.YY 
 
Total stress component s_x (axial, radial or tangential) (MPa) 
evolutions 
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    s_x (MPa)      
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...               
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    s_x (MPa)         
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...                
 
Figure 7.11: Example of output file "XXX1C03.txt". 
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FILENAME   : XXX1C04.txt 
PARTICIPANT: Participant's identification 
DATE       : DD.MM.YY 
 
Radial displacement u_r (m) evolutions 
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)    u_r (m)        
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...       
 
at point XX 
 
x (m)      y (m)      z (m)      t (day)     u_r (m)        
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...  
 
Figure 7.12: Example of output file "XXX1C04.txt". 
 
 
FILENAME   : XXX1C05.txt 
PARTICIPANT: Participant's identification 
DATE       : DD.MM.YY 
 
Water pressure P (MPa) radial distributions 
 
along borehole XX 
 
x (m)      y (m)      z (m)      t = 100 d  t = 600 d  t = 1000d 
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...        ...  
 
along borehole XX 
 
x (m)      y (m)      z (m)      t = 100 d  t = 600 d  t = 1000d 
 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00  0.000E+00 
...        ...        ...        ...        ...        ...  
 
Figure 7.13: Example of output file "XXX1C05.txt". 
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8. Part C of Task 1: results and evaluation 
 
 
8.1 Introduction 
 
    This report provides a description of the work performed for Part C of Task 1, 
DECOVALEX III Project. The general objective is the modelling of FEBEX “in situ” 
test, as a “blind” prediction exercise, focused on the thermo-hydro-mechanical analysis 
of the rock. Specifically, based on the characterization of the rock massif and on details 
of the process of test installation and performance, the rock response in the immediate 
vicinity of the buffer is required. The rock is subjected to the heat released by heaters 
and by swelling pressures resulting from bentonite hydration. The initial hydrological 
regime (as described and simulated in Part A) is also modified by the presence of the 
impervious barrier. Temperature, stresses, water pressures and displacements in selected 
points of the rock were required. 
    In subsequent sections, the modelling approaches followed by each team are briefly 
summarised, the physical phenomena relevant to the problem at hand are discussed and 
a comparison of the predictions submitted by the different teams is presented, whereby 
their computed results are compared with actual measurements. The reports produced 
by the teams provide a deeper insight in particular aspects of the computations 
performed. They are self-contained reports with a relatively common structure 
(mathematical setting, model calibration, numerical solution, additional comments, 
references) in order to facilitate cross comparisons. 
 
 
8.2 Modelling teams 
 
    From the ten teams involved in Task 1 of the DECOVALEX III Project, eight teams 
participated in Part C: ANG, BGR, CNS, DOE, IPS, JNC, SKB and SKI.  
 
 
8.3 Modelling approaches 
 
    In this Section we examine in a systematic way the main features of the work carried 
out by the various teams in order to understand their success in modelling the problem 
at hand. Our analysis is essentially based on the teams’ reports that are included as 
Annexes in the accompanying CD-ROM. 
    This section is structured as follows. First, we summarize the main features of the 
models used by the various teams. Next, we provide an outline of the constitutive 
models used for the granite. Next, we address the calibration the models. Finally, a 
summary of the modelling approaches is presented.  
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8.3.1 Physical phenomena considered 
 
    For comparison purposes, we summarise the main features of the models used by the 
various teams. Additional information concerning constitutive details for the granite 
will be given in the next section.  
    BGR: Three submodels have been used, a 2D axisymmetric (about the tunnel axis) 
TH submodel, a 2D plain strain “cut” (tunnel cross section through heater 2) TM 
submodel and a 2D “cut” (tunnel cross section through heater 2) TH submodel. The 2D 
axisymmetric TH submodel considered unsaturated liquid water flow and heat flow, and 
the zone modelled included granite rock, lamprophyre, EDZ, bentonite buffer, concrete 
plug, steel liner and heaters. The “cut” TM submodel considered the deformations of the 
materials and the heat flow, whereas the “cut” TH submodel considered the heat flow 
and the liquid water flow and, in both “cut” submodels, the zone modelled included 
only the granite. These two “cut” submodels were derived from a THM model that can 
consider the deformations of the materials, the flows of liquid water and heat in a 
coupled way, but as it is still in a test phase, and some of the aforementioned couplings 
were not complete, it was used considering only the TM and the TH couplings. In order 
to overcome the fact that neither the bentonite buffer nor the heaters are modelled in 
these two “cut” submodels, the experimentally measured pressure on the tunnel wall 
due to the swelling of the bentonite was applied as a boundary condition in the “cut” 
TM submodel, whereas the temperature at the tunnel wall provided by the axisymmetric 
TH submodel was applied as a boundary condition in the “cut” TH submodel. Within 
this model setup, the axisymmetric HM submodel provided the temperatures, the “cut” 
TH submodel provided the pore water pressures and the “cut” TM provided the stresses 
and the displacements.  
    CNS: The 3D model used was a fully coupled THM model with axisymmetric 
geometry (in fact, 1/4 of the full axisymmetric geometry). The model included 
deformation, liquid water flow, water vapour flow and heat flow. Phase changes 
between liquid water and water vapour as well as the thermal dilation of both the solid 
skeleton and the liquid water were also considered. The flow of air was not explicitly 
considered, as it was assumed that the gas pressure remained constant. The zone 
modelled included granite, lamprophyres, bentonite buffer and heaters. Concerning the 
state at the beginning of the test, the isothermal saturation of the bentonite buffer during 
the 180 days was taken into account. This model is essentially the same model that was 
used in Part B, but the size of the modelled zone was increased (the radius of the 
cylindrical zone modelled was increased from 11 m to 50 m) and the hydraulic 
boundary conditions were changed in order to match better the results obtained in Part 
A.  
    DOE: The 3D model used was made of two submodels, a TH submodel (multiphase, 
multicomponent fluid flow and heat transfer in porous media) and a TM submodel 
(mechanical and thermal deformations). These two submodels were only coupled in one 
direction, from the TH submodel to the TM submodel, as it was not possible to solve 
certain stability problems encountered when they were coupled in both directions. The 
TH submodel considered the flows of liquid water, water vapour and heat, and the zone 
modelled included the granite, the lamprophyres and the bentonite. In this submodel, 
phase changes between liquid water and water vapour were allowed, as well as the 
thermal dilation of the liquid water. The TM submodel considered the mechanical 
deformations, whereas deformations due to temperature and suction variations were 
taken into account as a variation of an artificial temperature, and the zone modelled 
included the granite, the lamprophyres, the bentonite and the heaters. In this submodel, 
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the gas phase was assumed to have a constant value. Concerning the state at the 
beginning of the test, the isothermal resaturation of the bentonite buffer during 192 day 
was taken into account. 
    IPS: The 2D axisymmetric model used was made of three submodels, a T-submodel 
(heat flow), a H-submodel (liquid water flow) and a M-submodel (mechanical 
deformations). These three submodels were fully coupled by use of a staggering 
technique. The model considered mechanical deformations and the flows of liquid water 
and heat, and the zone modelled included the bentonite buffer and the granite. The gas 
phase was not explicitly taken into account, whereby a constant pressure was assumed. 
The flow of water vapour was not considered and phase changes between liquid water 
and water vapour were not allowed. The granite was assumed to remain saturated. The 
thermal dilation of the liquid water and the thermal dilation of the solid skeleton were 
taken into account. Concerning the state at the beginning of the test, it was assumed that 
the isothermal resaturation of the bentonite buffer had reached equilibrium when the 
heaters were switched on. 
    JNC: The 3D model (in fact, 1/2 of the full geometry) used was a fully coupled HM 
model. Although the code used allows solving coupled THM problems, the modelling 
team did not consider the mechanical part in the present case, whereby all materials 
were assumed to be rigid. The model included liquid water flow, water vapour flow and 
heat flow, and the zone modelled included host rock, bentonite, concrete plug and 
heaters. Phase changes between liquid water and water vapour were allowed. The 
thermal dilation of the liquid water and the thermal dilation of the solid skeleton were 
taken into account. Concerning the gas phase, a constant gas pressure was assumed. The 
isothermal resaturation of the bentonite buffer prior to the operation of the heaters was 
not explicitly modelled. 
    SKB: The 3D model used was made of two submodels, a T submodel (heat flow) and 
a HM (mechanical deformations and water flow) submodel. These two submodels were 
coupled by use of a staggering technique. The T submodel considered the heat flow, and 
the zone modelled included the granite, the lamprophyres, the concrete plug and the 
bentonite. The HM submodel considered the mechanical deformation of the materials 
and the flows of liquid water, water vapour and heat, and the zone modelled included 
the bentonite buffer the granite, the lamprophyres, the concrete plug and the bentonite. 
In this submodel, phase changes between liquid water and water vapour were allowed, 
but the gas phase was not modelled, whereby its pressure was considered to be constant. 
The thermal dilation of the liquid water and the thermal dilation of the solid skeleton 
were taken into account. The isothermal resaturation of the bentonite buffer prior to the 
operation of the heaters was not explicitly modelled. Finally, due to the ability of the 
code to connect structures with different element mesh and element density, the 
modelled zone was large enough (600 m × 150 m × 300 m) so as to reach natural 
boundaries but the mesh was much finer near the FEBEX tunnel.  
    SKI: The 3D model used was a fully coupled THM model. The model considered the 
mechanical deformations of the materials and the flows of liquid water, water vapour 
and heat, and the zone modelled included granite, lamprophyres, bentonite buffer and 
heaters. Phase changes between liquid water and water vapour were allowed. The gas 
phase was not explicitly considered, whereby its pressure was taken to be constant. A 
noteworthy feature was the detailed modelling of the isothermal saturation of the 
bentonite previous to the switching on of the heaters, whereby two phases were 
considered. The first phase corresponded to the buffer installation (4 months) and 
hydration proceeded only through the lower part of the tunnel surface. The second phase 
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corresponded to the buffer hydration after the complete installation of the buffer (4.7 
months) and hydration proceeded through the entire tunnel surface. 
    In order to give a quick overview, Table 8.1 summarises the main features of the 
models considered by the various teams.  
 
 
Table 8.1: Main features of the models used.  

Team couplings heat flow rock th. dil. wat. th. dil. wat. flow 
ANG – – – – – 
BGR TH→ (TM, 

TH) 
X X  X 

CNS THM X X X X 
DOE TH→TM X X X X 
IPS THM X X X X 
JNC TH X  X X 
SKB THM X X X X 
SKI THM X X X X 

 
 
8.3.2 Constitutive models for the granite 
 
    Since the main concern here is the granite, in what follows, the constitutive equations 
considered by each modelling team pertinent to the granite are briefly summarised, 
whereby the hydraulic, thermal and mechanical aspects are addressed. 
    BGR: The constitutive equations considered for the granite are: (1) Hydraulic: 
Darcy’s law with a constant permeability; (2) Thermal: Fourier’s law with a constant 
thermal conductivity, constant thermal dilation of the rock skeleton and no thermal 
dilation of water; (3) Mechanical: linear thermoelasticity (Hooke’s law) for Terzaghi’s 
effective stress. In addition, it has been assumed that the granite remains saturated. 
    CNS: The constitutive equations considered for the granite are: (1) Hydraulic: van 
Genuchten’s law for the water retention curve, extension of Darcy’s law to unsaturated 
states with a constant saturated permeability and a van Genuchten’s law for the relative 
permeability to water; (2) Thermal: Fourier’s law with a constant thermal conductivity, 
constant thermal dilation of rock and constant thermal dilation of water; (3) Mechanical: 
linear thermoelasticity (Hooke’s law) for Bishop’s effective stress.  
    DOE: The constitutive equations considered for the granite are: (1) Hydraulic: van 
Genuchten’s water retention curve and an extension of Darcy’s law to unsaturated states 
with a constant saturated permeability and a van Genuchten’s relative permeability for 
liquid water; (2) Thermal: Fourier’s law with a constant thermal conductivity, a constant 
thermal dilation of rock and thermal dilation of water; (3) Mechanical: linear elastic. 
The change of the mechanical part of the model from the CJM (Compliant Joint Model) 
model used in Part A to the present linear elastic model is justified by the negligible 
effect of modelling the fractures and the high computational cost involved in the 
calculations using the CJM. 
    IPS: The constitutive equations considered for the granite are: (1) Hydraulic: Darcy’s 
law with a constant saturated permeability (the granite was assumed to remain 
saturated); (2) Thermal: Fourier’s law with a constant thermal conductivity, constant 
thermal dilation of water and thermal constant dilation of rock; (3) Mechanical: Biot’s 
linear poroelasticity with the Biot coefficient set to one (Terzaghi’s assumption).  

 168



    JNC: The constitutive equations considered for the granite are: (1) Hydraulic: van 
Genuchten’s water retention curve, the liquid water flow is governed by an extension of 
Darcy’s law to unsaturated states with a saturated permeability depending on dry 
density and a van Genuchten’s relative permeability and the water vapour diffusion was 
driven by temperature gradients with a constant thermal diffusivity; and (2) Thermal: 
Fourier’s law with a thermal conductivity depending on the degree of saturation, 
constant thermal dilation of water and thermal constant dilation of rock; (3) Mechanical: 
rigid. 
    SKB: The constitutive equations considered for the granite are: (1) Hydraulic: the 
liquid water flow was governed by Darcy’s law with a constant permeability; (2) 
Thermal: Fourier’s law with a constant thermal conductivity, constant thermal dilation 
of water and thermal constant dilation of rock; (3) Mechanical: thermoporoelasticity 
based on Bishop’s effective stress. Similar constitutive equations were used for the 
lamprophyres. 
    SKI: The constitutive equations considered for the granite are: (1) Hydraulic: van 
Genuchten’s water retention curve, the liquid water flow was governed by an extension 
of Darcy’s law to unsaturated states with a constant anisotropic saturated permeability 
and the diffusive water vapour flow was governed by Fick’s law; (2) Thermal: Fourier’s 
law with a constant thermal conductivity, constant thermal dilation of water and thermal 
constant dilation of rock; (3) Mechanical: thermoporoelasticity based on Bishop’s 
effective stress. Similar constitutive equations were employed for the lamprophyres. 
 
 
8.3.3 Model calibration 
 
    We will provide only a brief outline of the calibration procedures that have been used 
by each modelling team. 
    BGR: Some model functions and model parameters have been taken from the case 
definition, and others from the specialised literature and the author’s experience. In 
order to assess the influence of the Young’s modulus and the thermal dilation 
coefficient of the rock skeleton, some sensitivity analyses have been carried out. 
    CNS: As the model used was essentially the model used in Part B, no further 
calibrations were made. However, the hydraulic boundary conditions were modified in 
order to approximate the pore water distributions obtained in Part A.  
    DOE: As the model used was a simplification of the models used in Part A (elastic 
rock instead of CJM) and Part B, no further calibrations were carried out.  
    IPS: The model used was the same as the model used in Part B, except for being 2D 
axisymmetric instead of 1D plain strain axisymmetric. Therefore, no additional 
calibrations were carried out. 
    JNC: As the model used was the same as the model used in Part B, no additional 
calibrations were carried out. 
    SKB: As the model used was a combination of the models for Part A (rock) and Part 
B (bentonite), the calibrations carried out in Part A for the rock (granite and 
lamprphyres) and in Part B for the bentonite were used in the present model. It, was 
however, checked that results obtained were consistent with the results obtained in Parts 
A and B. 
    SKI: Since the model used was essentially the same as the model used in Part A and 
in Part B, no further calibrations were needed. 
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8.3.4 Summary of the modelling approaches 
 
    In order to facilitate the understanding of the results provided by the teams, this 
section includes a summary with the main features of the approaches followed by the 
modelling teams. In as much as possible, a common structure has been used in all these 
summaries (modelling hypotheses, equations solved and programs used). Besides some 
general features, these summaries intend to address the aspects that are believed to be 
relevant to the present case. 
 
 
8.3.4.1 Approach followed by BGR 
 
a) General modelling features 
− Dimensions: 2D axisymmetric for axisym TH; 2D cross section for “cut” TM , 

“cut” TH  
− Couplings: axisym TH →  “cut” TM and “cut” TH 
− Materials: axisym TH: bentonite, rock, lamprophyre dykes, concrete plug, heater. 

“cut” TM and “cut” TH: granite 
− Load. history: axisym TH: heating (33 months). 
 
b) Physical phenomena considered 
− Deformation (rock). 
− Flows of liquid water (bentonite and rock) and air (bentonite). 
− Flow of heat (bentonite and rock). 
− Thermal dilation (rock). 
 
c) Main simplifying assumptions 
− Thermal equilibrium. 
− Granite remains saturated. 
− No thermal dilation of water. 
− Internal energy convective terms neglected in the balance of energy equation. 
− Constant specific heat and conductivity in the balance of energy equation. 
 
d) Equations solved 
− Water mass balance + saturated (rock) / unsaturated (bentonite) Darcy flow. 
− Air mass balance + unsaturated Darcy flow (bentonite) 
− Balance of momentum (rock). 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the granite model 
− Mechanical: linear thermoelasticity (Hooke’s law) for Terzaghi’s effective stress. 
− Hydraulic: wat. perm.: constant. 
− Thermal: therm. conduct.: constant. 

rock therm. dil.: constant. 
wat. therm. dil.: zero 
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f) Programs used 
− RF/RM (finite element method code developed by a research group: University of 

Tübingen, University of Hannover and Leibniz Institute for Applied Sciences). 
 
g) Remarks 
− The experimentally measured radial stresses have been applied to the tunnel wall. 
 
 
 
8.3.4.2 Approach followed by CNS 
 
a) General modelling features 
− Dimensions: 3D analysis with axisymmetric geometry (1/4 of the full geometry). 
− Couplings: full THM. 
− Materials: bentonite, surrounding rock, lamprophyre dykes, concrete plug, heater. 
− Load. history: buffer hydration (6 moths) and heating (33 months). 
 
b) Physical phenomena considered 
− Mechanical deformation. 
− Flows of liquid water and water vapour. 
− Phase change liquid water ↔ water vapour. 
− Flow of heat. 
− Thermal dilation (rock and water). 
 
c) Main simplifying assumptions 
− Constant gas pressure. 
− Mechanical power neglected in the balance of energy. 
− Thermal equilibrium. 
− Vapour flux is induced by temperature gradients. 
− Internal energy convective terms neglected in the balance of energy equation. 
 
d) Equations solved 
− Balance of momentum for the porous medium. 
− Water mass balance + unsaturated Darcy flow + vapour flux. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the granite model 
− Mechanical: linear thermoelasticity (Hooke’s law) for Bishop’s effective stress. 
− Hydraulic: retention curve: van Genuchten (case def.). 

sat. wat. perm.: constant. 
rel. wat. perm.: van Genuchten (case def.). 
therm. vap. diff.: constant 

− Thermal: therm. conduct.: depending linearly on Sr (references) 
rock therm dil.: constant. 
wat. therm. dil.: constant. 
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f) Programs used 
− FRACON (finite element method code developed by Canadian Atomic Energy 

Control Board and McGill University). 
 
 
8.3.4.3 Approach followed by DOE 
 
a) General modelling features 
− Dimensions: 3D TH and TM analyses. 
− Couplings: one-way TH → TM (in fact, TH → M). 
− Materials: TH: bentonite, surrounding rock, lamprophyre dykes, heater. 

TM: bentonite, surrounding rock, lamprophyre dykes, heater. 
− Load. history: buffer hydration (192 days) and heating (33 months). 
 
Physical phenomena considered 
− Mechanical deformation. 
− Flows of liquid water and water vapour. 
− Phase change liquid water ↔ water vapour. 
− Flow of heat. 
− Thermal dilation (rock, bentonite and water). 
 
Main simplifying assumptions 
− Constant gas pressure. 
− Thermal equilibrium. 
− No water vapour pressure lowering in the bentonite (Sr = 1 whenever water is 

present) 
 
Equations solved 
− Balance of momentum for the porous medium. 
− Water mass balance + unsaturated Darcy flow + vapour flux. 
− Balance of energy + Fourier’s heat conduction law. 
 
Main features of the granite model 
− Mechanical: linear elastic 
− Hydraulic: retention curve: van Genuchten (case def.). 

sat. wat. perm.: constant. 
rel. wat. perm.: van Genuchten (case def.). 
therm. vap. diff.: constant 

− Thermal: therm. conduct.: constant 
rock therm dil.: constant. 
wat. therm. dil.:  

 
Programs used 
− TH calculations. THOUGH2 (commercial finite difference code). 
− TM calculations: JAS3D (finite element code developed at Sandia National 

Laboratories) 
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8.3.4.4 Approach followed by IPS 
 
a) General modelling features 
− Dimensions: 2D axisymmetric analysis. 
− Couplings: full THM via staggering. 
− Materials: bentonite and surrounding rock. 
− Load. history: equilibrium buffer hydration, heating (33 months). 
 
b) Physical phenomena considered 
− Mechanical deformation. 
− Flow of liquid water. 
− Flow of heat. 
− Thermal dilation (rock, bentonite and water). 
 
c) Main simplifying assumptions 
− The granite remains saturated. 
− Constant gas pressure. 
− Thermal equilibrium. 
− Water vapour flux neglected. 
− No phase change liquid water ↔ water vapour. 
− Dry air is not taken into account in the balance of energy. 
 
d) Equations solved 
− Balance of momentum for the porous medium. 
− Water mass balance + unsaturated (bentonite) / saturated (rock) Darcy flow  
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the granite model 
− Mechanical: Biot’s linear thermoporoelasticity with Terzaghi’s assumption 
− Hydraulic: sat. wat. perm.: constant 
− Thermal: therm. conduct.: constant. 

rock therm dil.: constant. 
wat. therm. dil.: constant 

 
f) Programs used 
− T calculations. CHEF (own finite element code). 
− H calculations: HYDREF (own finite element code). 
− M calculations: VIPLEF (own finite element code).  
 
 
8.3.4.5 Approach followed by JNC 
 
a) General modelling features 
− Dimensions: 3D (1/2 of the full geometry). 
− Couplings: full TH. 
− Materials: bentonite, surrounding rock, lamprophyre dykes?, concrete plug?, 

heater?. 
− Load. history: heating (33 months). 
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b) Physical phenomena considered 
− Flows of liquid water and water vapour. 
− Phase change liquid water ↔ water vapour. 
− Flow of heat. 
− Thermal dilation (water). 
 
c) Main simplifying assumptions 
− Materials do not deform. 
− Air is not taken into account (constant gas pressure). 
− Thermal equilibrium. 
− Vapour flux is induced by temperature gradients. 
 
d) Equations solved 
− Water mass balance + unsaturated Darcy flow + vapour flux. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the granite model 
− Mechanical: rigid. 
− Hydraulic: retention curve: modified van Genuchten (case def.). 

sat. wat. perm.: constant 
rel. wat. perm.: van Genuchten (case def.) 
therm. vap. diff.: constant 

− Thermal: therm. conduct.: constant. 
rock therm dil.: zero. 
wat. therm. dil.: constant 

 
f)Programs used 
− THAMES3D (finite element method code developed by Kyoto University). 
 
 
8.3.4.6 Approach followed by SKB 
 
a) General modelling features 
− Dimensions: 3D T and HM analyses. 
− Couplings: full T↔HM via staggering. 
− Materials: T: bentonite, rock, lamprophyres, concrete plug, heaters. 

HM: bentonite, rock, lamprophyres, concrete plug, heaters. 
− Load. history: heating (33 months). 
 
b) Physical phenomena considered 
− Mechanical deformation. 
− Flow of liquid water 
− Flow of heat. 
− Thermal dilation (rock, bentonite and water). 
 
c) Main simplifying assumptions 
− Thermal equilibrium. 
− Mechanical power neglected in the balance of energy. 
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d) Equations solved 
− Balance of momentum for the porous medium. 
− Water mass balance + Darcy flow. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the granite model 
− Mechanical: thermoporoelasticy based on Terzaghi’s effective stress. 
− Hydraulic: sat. wat. perm.: constant and anisotropic. 

thermal: therm. conduct.: constant. 
rock therm dil.: constant. 
wat. therm. dil.: constant. 

 
f) Programs used 
− ABAQUS (commercial finite element method code) with some user-defined 

routines. 
 
 
8.3.4.7 Approach followed by SKI 
 
a) General modelling features 
− Dimensions: 3D (1/2 of the full geometry, limited by a vertical plane). 
− Couplings: full THM. 
− Materials: bentonite, surrounding rock, lamprophyre dykes, concrete plug, heater. 
− Load. history: buffer installation (4 months), buffer hydration (4.7 months) and 

heating (33 months). 
 
b) Physical phenomena considered 
− Mechanical deformation. 
− Flows of liquid water and water vapour. 
− Flow of heat. 
− Phase change liquid water ↔ water vapour. 
− Thermal dilation (rock, bentonite and water). 
 
c) Main simplifying assumptions 
− Constant gas pressure. 
− Mechanical power neglected in the balance of energy. 
− Thermal equilibrium. 
− Phase change liquid water ↔ water vapour equilibrium. 
 
d) Equations solved 
− Balance of momentum for the porous medium. 
− Water mass balance + unsaturated Darcy flow + vapour Fick flow. 
− Balance of energy + Fourier’s heat conduction law. 
 
e) Main features of the granite model 
− Mechanical: linear thermoporoelasticity based on Bishop’s effective stress. 
− Hydraulic: retention curve: van Genuchten (case def.). 
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sat. wat. perm.: constant and anisotropic. 
rel. wat. perm.:  
vap. Fick diff.:  

− Thermal: therm. conduct.: constant. 
rock therm dil.: constant. 
wat. therm. dil.: constant. 

 
f) Programs used 
− ROCMAS (finite element method code developed at Lawrence Berkeley National 

Laboratory). 
 
 
8.4 Relevant physical phenomena 
 
    Previous modelling work of the FEBEX in situ test carried out at the UPC (see, for 
instance, Gens et al., 1998a) allowed an understanding of the physical phenomena 
involved in the thermo-hydro-mechanical behaviour of the surrounding rock massif. 
This background, together with the teams’ reports, was used in order to understand the 
success of the numerical predictions provided by the teams. In this regard, the 
discussions among the teams and the coordinator during the project have been very 
useful. 
    This section is structured as follows. First some features of the observed experimental 
data will be presented. Then, based on previous modelling work carried out at the UPC, 
the main processes taking place in the host rock will be outlined. Finally, a summary of 
the physical phenomena that are considered to be relevant to reproduce the observed 
behavior will be presented. These phenomena will be used in the next section in order to 
understand the success of the numerical predictions provided by the teams. 
 
 
8.4.1 Features of the experimental data 
 
    Looking at the experimental data, a number of interesting features may be noticed. 
We will divide their presentation according to the variables requested in the case 
definition. 
− Temperature. Experimental measurements of temperature exhibit a 

monotonously increasing pattern. Temperatures increase faster during the first two 
months after which they slowly approach asymptotic values. 

− Pore water pressure. Measured pore water pressures near the tunnel wall 
increase slowly in a monotonous way from a value close to 0.5 MPa to a value 
around 0.7 MPa. Essentially, no marked transients in pore water pressures are 
observed. However, the pressure evolution of the water used to inflate the packers 
dividing the instrumented boreholes into intervals exhibits much larger variations, 
reaching maximum values close to 5 MPa, as shown in Figure 8.1. 

− Total stresses. The evolutions of all the three measured total stress components 
are characterised by an initial fast increase until a peak is reached at about 100 
days, followed by a slow slight decrease and an even slower increase, without, 
however, approaching any asymptotic value during the period of 1000 days. 
Measured total stresses decrease significantly with the distance.  
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Figure 8.1: Measured evolutions of pressures at borehole SF21. Water pressure at the 
packed off interval closest to the tunnel (centre at r = 3.03 m) and inflation pressure of 
the packer closest to the tunnel (centre at r = 1.86 m). 
 
 
− Radial displacements. Measured maximum radial displacements were in the 

range of about 100 microns. Their evolutions exhibit an initial fast increase 
followed by a very small subsequent increase. The magnitude of these 
displacements and their evolutions cast doubts on their accuracy.    

 
 
8.4.2 Main processes taking place in the bentonite barrier 
 
    Based on previous modelling work of the FEBEX in situ test, the main processes 
taking place on the rock surrounding the FEBEX test will be briefly presented. It must 
be borne in mind that these processes are deemed to be relevant to the present case, but 
in other (apparently) similar cases, it may well happen that some of these processes 
relevant to the present case become irrelevant, while other processes irrelevant to the 
present case become relevant. Furthermore, since only the first 1000 days of operation  
of the FEBEX in situ test are considered, it may also occur that some processes 
irrelevant during that initial period become important at later stages. 
    As in the case of the observed features of the experimental data, the presentation will 
be divided according to the variables requested in the case definition. 
 
− Temperature. Since heat flow due to convection and diffusion are due to 

transport by the comparatively slow fluid motions, but temperatures approach 
rather fast a steady state, it is concluded that heat flow essentially by conduction. 
Therefore, reliable values for the thermal conductivity are mandatory in order to 
reproduce the observed temperature patters. 
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− Pore water pressure. Due to the different dilation of the pore water and the rock 
skeleton, a transient increase in temperature in a saturated porous medium induces 
a transient increase and a subsequent decrease in pore water pressure. The 
magnitude of the increase of the pore water pressure increases with the rate of 
temperature increase, the porosity and the rock stiffness and decreases with the 
rock permeability. The rate of dissipation of the increase of pore water pressure 
increases with the rock permeability. As no clear transients of pore water pressure 
were recorded, this indicates comparatively high values of the rock permeability. 
This view is supported by the observed evolution of the pressure of the water used 
to inflate the packers dividing the instrumented boreholes into intervals, 
exhibiting essentially an undrained behaviour. Therefore a hydro-mechanical 
coupling is warranted only if some insight on the aforementioned transients is 
desired. 

− Total stress. The variation of the total stresses is the sum of the variation of the 
effective stresses (due to the mechanical deformation of the rock) and the 
variation of the pore water pressure (due to the thermal dilation of the water and 
subsequent dissipation of the induced increases of pore water pressure). The 
stresses induced in the rock are due to the thermal dilation of the rock and, to a 
lesser extent, to the swelling pressure transmitted by the bentonite buffer. On the 
other hand, the peaks observed in the evolutions of the total stress components 
may be explained by the corresponding pore water pressure evolutions. Therefore, 
at least a T→HM model is required in order to reproduce the observed behaviour, 
whereby the T model must consider heat flow and rock and water dilation.  

− Radial displacement. The variation of radial displacements is a consequence of 
the variation of the temperature and of the effective stresses. Therefore, the 
arguments above indicate the need of at least a T→HM model. However, due to 
the comparatively high stiffness of the rock surrounding the FEBEX test, 
displacements will be very small and difficult to measure accurately. 

 
    It is interesting at this point to compare the evolutions of the water pressure at the 
packed off intervals with the evolutions of the inflation pressure of the. Figure 1 shows 
such a comparison at borehole SF21, whereby the packed off interval closest to the 
tunnel and the packer closest to the tunnel are considered. For the packer, the initially 
recorded pressure is related to the pressure applied to seal the borehole. Afterwards, the 
circuit is closed in order to maintain constant volume conditions. The substantial 
increase in pressure observed is most probably due to the thermal induced dilation of 
the water inside the packer system. Presumably, the deformation of the packer and 
measuring system and/or minor leaks lead to a progressive decay afterwards. The 
relevant point here is, as shown in Figure 8.1, that this type of behaviour was not 
observed in the water pressure measuring intervals in direct connection to the granitic 
rock. 
    A transient increase in temperature of a porous medium such as a saturated rock 
induces a transient increase and subsequent decrease in pore water pressure, which 
depends on the rate of temperature increase, the rock permeability, the rock porosity, the 
rock stiffness and the geometry (drainage conditions). Water pressure increases because 
water dilates more than the rock skeleton. In parallel, a drainage process reduces excess 
pore pressures towards zero. The higher the porosity, the higher peak pore water 
pressure is observed. The lower the permeability and the higher the stiffness of the rock, 
the higher the pore water pressure peak and the slower the subsequent dissipation. The 
fact that no transient excess pore ware pressures were detected in the rock is probably 
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due to the relatively high permeability of the rock. Excess pore water pressures dissipate 
immediately after they are induced. In addition, recorded water pressures are average 
values over the measuring interval. This effect contributes also to reduce the excess pore 
water pressures. The different conditions of the packer system (a “high” porosity and a 
rigid confinement) explain the completely different behaviour recorded. 
    A calculation of the evolution of effective mean stress and the octahedral shear stress 
in borehole SG” at a radial distance r = 3 m has been made. Pore pressures were 
approximated by data collected in neighbouring boreholes. It was also assumed that 
normal stresses on the three normal planes are principal stresses. The results are given 
in Table 8.2 below. 
 
 
Table 8.2: Evolutions of increments of mean effective stress ∆p’, octahedral shear stress 
∆τ oct and maximum shear stress ∆τ max in Borehole SG2 at r ≈ 3.0 m. 

Time 
[day] 

∆p’ 
[MPa] 

∆τ oct 
[MPa] 

∆τ max 
[MPa] 

0 0.00 0.00 0.00 
100 2.56 0.82 1.00 
300 1.96 0.37 0.40 
700 2.26 0.53 0.65 
1000 2.80 0.53 0.65 

 
 
    Note that the values given are increments over the initial state of stress once the 
FEBEX tunnel was open. They represent therefore the combined effect of temperature 
effects (the dominant phenomenon), the generation and dissipation of pore pressures 
and the swelling pressure effects. At radial distance of 3 m, the increments of mean 
effective stress dominate. Incremental shear stresses tend to be a fraction of the 
incremental mean stresses. The maximum difference of effective normal stresses is 
slightly higher, as shown also in the same Table. Given the expected strength properties 
of the granite, the effective stress path corresponding to these values separates from the 
failure envelope. It is also interesting to note that the worst condition (in terms of 
proximity to a failure envelope) is met when total stresses reach a peak (at t = 100 days 
approximately). At later times, mean effective stresses dominate. 
    From the previous considerations, it is apparent that at least a T→HM model is 
required, whereby the T-model must consider heat flow and rock and water dilation. 
However, the following simplifications were found to be pertinent to the FEBEX in situ 
test: 
 
− Homogeneous hydraulic conductivity of the rock. Due to the comparatively 

high rock permeability, the characteristic time of heating was larger than the 
characteristic time of relaxation of pore water pressure. Consequently, the 
heterogeneous nature of the rock hydraulic conductivity features may be 
disregarded.    

− Negligible mechanical influence of the bentonite buffer. On the one hand, the 
stress increments due to the swelling of the bentonite buffer are small when 
compared to the stress increments due to the heating action of the buffer on the 
rock. On the other hand, due to the relatively high stiffness of the host rock, the 
induced displacements are relatively small and very difficult to measure. 
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Therefore, for most practical purposes, a simplified constitutive model may be 
used for the bentonite.    

 
 
8.4.3 Summary of the relevant physical phenomena 
 
    In order to explain the success of the Numerical Predictions provided by the various 
teams, the physical processes shown in Table 8.3 will be considered. As explained 
above, these physical processes have a direct influence on the evolutions and 
distributions of the variables requested in the case definition. 
    In the next section, the consideration of these physical phenomena in the different 
modelling approaches will be examined. 
 
 
Table 8.3: Selected physical phenomena relevant to Part C. 

Abbreviation Physical phenomena 
rock th. dil. Thermal dilation of the rock squeleton 
wat. th. dil. Thermal dilation of water 
HM Hydro-Mechanical coupling 

 
 
8.5 Comparison of experimental data with predictions 
 
    Teams have submitted two types of predictions: “blind” predictions and “latest” 
predictions. By “blind” predictions for Part C we mean the numerical predictions before 
the measured experimental data were disclosed to the teams. Not all the teams involved 
in a Part C of Task 1 submitted “blind” predictions and not all “blind” predictions 
provided all the required results. However, we believe that these “blind” predictions are 
very valuable, as they address the problem in the same way that it would be addressed 
in real instances.   
    In order to reflect both the “learning” and the “blind” aspects of Task 1, we have 
compared the experimental data with both the “latest” and the “blind” predictions. On 
the other hand, since the modelling approaches are based on the last version of the 
corresponding Modelling Reports, which are included as Appendixes, we will only 
make comments to the “latest” predictions. 
    Finally, in order to ease the comparison between “latest” and “blind” predictions, 
both the comparison plots with “latest” and the comparison plots with “blind” 
predictions have been arranged following exactly the same scheme. As explained later 
on, corresponding figures will have the same number and will only differ by a 
distinctive letter adjoined to the number.   
 
 
8.5.1 Comparison with “latest” predictions 
 
    In this subsection, the “latest” numerical predictions by the teams will be compared 
with the corresponding measured values. From the set of all required numerical 
predictions, only a representative subset will be presented here in graphical form. Table 
8.4 provides an overview of the consideration by the various models of the couplings 
and some key factors identified in the previous Section as relevant to the present case. 
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Table 8.4: Consideration of couplings and some key factors by the modelling teams.  
Team Couplings Dimens Rock th. Dil. Wat. Th. Dil. HM 
ANG – – – –  
BGR TH→ (TM, 

TH) 
2 X  X 

CNS THM 3 X X X 
DOE TH→TM 3 X X  
IPS THM 2 X X X 
JNC TH 3  X X 
SKB THM 3 X X X 
SKI THM 3 X X X 

 
  
   Comments on comparisons plots are provided according to the variables whose 
evolutions and or distributions were requested in the case definition, namely: 
temperature, pore water pressure, total stress and radial displacement. 
− Temperature. The comparison of the measured values with the predicted 

evolutions of temperature in Borehole SF21 at a radial distance of r = 1.20 m (see 
Figure 8.2), shows that predictions by IPS, SKB and SKI are very good and 
predictions by BGR, CNS, DOE and JNC are good and the prediction by ANG 
deviates substantially from the measured values. 

− Pore water pressure. The comparison of the measured values with the predicted 
evolutions of pore water pressure in Borehole SF21 at two points with radial 
distances r = 3.03 m and r = 13.06 m (see Figure 8.3), shows that none of the 
predictions approximates satisfactorily the measured evolutions of pore water 
pressure in both of the two points considered. Therefore, we will consider only 
what appear to be two general features of the measured evolutions of pore water 
pressures, namely the common sign of the rate of variation with time at the two 
considered points and the differences in the evolutions at the two considered 
points. Concerning the common sign of the rate of variation with time, measured 
pore water pressures increase monotonously with time. Predictions by CNS and 
DOE decrease monotonously with time, predictions by BGR and IPS essentially 
do not vary with time and predictions by JNC, SKB and SKI increase 
monotonously with time. Concerning the differences in the evolutions of pore 
water pressures at the two considered points, measured pore water pressure 
evolutions are different, predictions by ANG, BGR, CNS, DOE, IPS, SKB and 
SKI are different and predictions by CNS are essentially the same. The 
predictions by ANG exhibit a more complex behaviour, as there is an almost 
immediate large decrease followed by a monotonous increase with time. 

− Total stress. The comparison of the measured values with the predicted 
evolutions of the total stress components in Borehole SG2 at a radial distance of r 
≈ 3. 0 m (see Figure 8.4), shows that, although none of the predictions 
approximates satisfactorily the measured evolutions, if we consider only the range 
of the measured values, predictions by BGR, SKB and SKI are good predictions, 
whereas predictions by ANG, CNS, DOE and IPS deviate substantially from the 
measured values. We remark that the observed shape of the total stress evolutions 
with the noteworthy feature of a peak at about 100 days, fails to be predicted by 
all modelling teams. Finally, let us mention that predictions by JNC are missing, 
since they did not include the deformations in their model. 
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− Radial displacement. The comparison of the measured values with the predicted 
evolutions of radial displacement in Borehole SI1 at a radial distance of r = 8.03 
m (see Figure 8.5), shows that the prediction by SKI is very good, the prediction 
by IPS is good, whereas predictions by ANG, BGR, DOE and SKB deviate 
substantially from the measured values.. However, if we consider only the first 
100 days, predictions by ANG (disregarding the first few days), BGR, DOE and 
SKB are good. Finally, let us mention that predictions by JNC are missing, since 
they did not include the deformations in their model. 

 
    It should be mentioned that, as indicated in the previous Section, some modelling 
teams have used measured values (that should have been predicted by the model) in 
order to overcome some drawbacks of their model. Obviously, this is not possible in a 
“blind” prediction. 
 
 
8.5.2 Comparison with “blind” predictions 
 
    In this subsection, the “blind” numerical predictions by the teams will be compared 
with the corresponding measured values, as shown in Figures 8.6 – 8.9. As indicated 
earlier, no specific comments will be made to these comparison plots with “blind” 
predictions because the various modelling approaches that have been presented in 
section 8.3 are based on the latest version of the teams’ reports. 
    Nevertheless, comparison plots will be arranged in the same way as were arranged 
the comparison plots for “latest” predictions. Seven teams submitted “blind” predictions 
for Part B, namely ANG, BGR, DOE, IPS, JNC, SKB and SKI. For clarity, figures have 
been split in two parts, whereby predictions by ANG, BGR and DOE against 
experimental data are shown in the first part of the figure and predictions by IPS, JNC, 
SKB and SKI against experimental are shown in the second part of the figure. 
 
 
8.5.3 Discussion and conclusions 
 
    Coupled THM models are also required for this part of the study although the 
temperature increase plays a dominant role in the rock behavior.  
    Temperature distributions are well reproduced in general terms. In fact, some of the 
calculations are very precise, unlike the case of temperature prediction for the buffer. In 
the case of the (saturated) rock temperature is controlled by a constant parameter: the 
granite heat conduction coefficient. In the bentonite buffer, besides the effect of degree 
of saturation on conductivity and specific heat, other phenomena are at play: the heat 
transport associated with convective and diffusive flows of liquid water and vapour. 
This situation may explain te different performance of models in both cases. 
    Rock water pressures development integrates several separate phenomena: the 
modification of the hydrogeological regime in the vicinity of the tunnel due to the 
presence of the barrier, temperature effects and the influence of the suction of the 
bentonite. Temperature effects, in turn, depend on a number of rock properties: rock 
dilation coefficient, porosity, stiffness and permeability. The actual development of 
excess pore pressures are additionally controlled by the rate of temperature change and 
by the general drainage conditions in the area. Some of these effects go in opposite 
directions. For instance, if temperature-induced pore water pressure development is a 
dominant phenomenon, points closer to the experiment axis should be expected to 
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Figure 8.2a: Measured and predicted evolutions of temperature in borehole SF21 at 
point 1 (r = 1.20 m). 
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Figure 8.2b: Measured and predicted evolutions of temperature in borehole SF21 at 
point 1 (r = 1.20 m). 
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Figure 8.3a: Measured and predicted evolutions of water pressure in borehole SF21 at 
point 1 (r = 3.03 m) and at point 3 (13.06) m. 
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Figure 8.3b: Measured and predicted evolutions of water pressure in borehole SF21 at 
point 1 (r = 3.03 m) and at point 3 (13.06) m. 
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Figure 8.4a: Measured and predicted evolutions of total stress components in borehole 
SG2 at points 1, 2 and 3 (r ≈ 3.0 m). 
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Figure 8.4b: Measured and predicted evolutions of total stress components in 
borehole SG2 at points 1, 2 and 3 (r ≈ 3.0 m). 
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Figure 8.5a: Measured and predicted evolutions of radial displacements in borehole 
SI1 at point 3 (r = 8.03 m). 
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Figure 8.5b: Measured and predicted evolutions of radial displacements in borehole 
SI1 at point 3 (r = 8.03 m). 
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Figure 8.6a: Measured and predicted evolutions of temperature in borehole SF21 at 
point 1 (r = 1.20 m). 
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Figure 8.6b: Measured and predicted evolutions of temperature in borehole SF21 at 
point 1 (r = 1.20 m). 
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Figure 8.7a: Measured and predicted evolutions of water pressure in borehole SF21 
at point 1 (r = 3.03 m) and at point 3 (13.06) m. 
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Figure 8.7b: Measured and predicted evolutions of water pressure in borehole SF21 
at point 1 (r = 3.03 m) and at point 3 (13.06) m. 
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Figure 8.8a: Measured and predicted evolutions of total stress components in borehole 
SG2 at points 1, 2 and 3 (r ≈ 3.0 m). 
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Figure 8.8b: Measured and predicted evolutions of total stress components in borehole 
SG2 at points 1, 2 and 3 (r ≈ 3.0 m). 
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Figure 8.9a: Measured and predicted evolutions of radial displacements in borehole 
SI1 at point 3 (r = 8.03 m). 
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Figure 8.9b: Measured and predicted evolutions of radial displacements in borehole 
SI1 at point 3 (r = 8.03 m). 
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develop higher pore water pressures that points deeper in the rock, because the former 
will experience a larger temperature increase. On the other hand, if the natural gradient-
induced flow dominates, points located at increasing radial distances will tend to show 
higher pore water pressures. Bentonite suction will tend to enhance this second effect 
and may even induce negative pore pressures in the granite under certain circumstances. 
In fact, the interaction between granite and buffer in the proximity of the interface is not 
a straightforward phenomenon. Important qualitative differences in behaviour may be 
explained by relatively minor changes of the bentonite and the granite. A sensitivity 
analysis of the behaviour of this interface is given in Gens et al. (1998b). 
    It has been suggested that the limited transient reaction of the pore water pressure in 
the Grimsel host rock is a natural consequence of the high permeability of the rock and, 
to a lesser extent, of the averaging effect of the measuring interval (a few meters of 
borehole). The records of packer water pressures have provided interesting 
complementary evidence of the transient pore water pressure development. Also, the 
evolution of total stresses, 3 m away from the tunnel wall, shows a transient initial peak 
which has also been attributed to excess pore water pressure behaviour. 
    The measured pressure response at r = 13.06 m in boring SF21 is unfortunately not 
conclusive because of the abnormal fall of pressure recorded during a relatively long 
period (t = 80 to 480 days). Some transient increases recorded during this period and the 
readings during the second half of the considered period tend to show that the actual 
water pressure in the rock at the sensor position increases steadily from an initial value 
of 0.75 MPa to final values of 0.9 MPa. This is a pressure higher than the recorded 
value at r = 3.03 m (0.3 to 0.7 MPa). No transient changes of pressure were recorded in 
this transducer, which is close to the bentonite-rock interface. This data is interpreted as 
an indication that the distribution of pore water pressure in the rock is mainly controlled 
by a pure radial flow induced by hydraulic gradients. No indication of negative (or, 
indeed, a transient decrease in pore pressure) was detected in the granite. The 
interpretation is that the suction of the bentonite had in this case a negligible effect. This 
is also a consequence of the relatively high value of the granite matrix permeability and 
the small flow rates required to progressively hydrate the bentonite. 
    Some of the model’s results favour this interpretation (SKI, JNC and SKB- although 
it calculated some initial negative values of water pressure at the transducer close to the 
bentonite interface). In an extreme position is the case of ANG, who predicted very 
dominant suction-induced effects. In general, none of the modelling teams predicted 
temperature-related water pressure effects, a fact which is explained by the rock 
permeability, already calibrated during the first part of the benchmark exercise. 
Long-term water pressures increase slowly with time in the tunnel immediate vicinity (a 
few meters). Measured water pressures after 1000 days of test operation are, however, 
relatively small (1MPa).  
    Measured stresses correspond to changes experienced after cell installation, once the 
Febex tunnel was excavated. Therefore, they measured total stress increments induced 
by temperature changes and, to a lesser extent, by the swelling of the bentonite. The 
most distinctive feature of the stress records is the peak values recorded in all three 
values of stress (σr, σθ, σx) measured in borehole SG2 at an early stage (100 days). The 
fact that the stresses decreased later in the period t = 100 days to t = 400 days, to 
increase slowly at increasing times, suggests that the stress cells measured a transient 
change in pore water pressure induced by the increase in temperature. The subsequent 
reduction of total stress reflects the dissipation of exess pore water pressure. This 
behaviour also indicates that the system used to measure pore water pressures (isolated 
stretches of boreholes by means of packers) is not suitable to record point values. The 
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measured pressure in a borehole interval is the average of “point” pressures. In addition, 
any highly conductive feature crossing a measuring borehole interval would reduce fast 
any temperature-induced increase in pressure. On the other hand, the stress cells tend to 
provide point measurements and they are well suited to detect local changes.  
    None of the models predicted the recorded peak of total stress. This is, of course 
consistent with the calculated pore water pressures, discussed previously. Some of the 
teams (CNS, ANG, DOE) overestimated the measured stresses. Others (SKI, SKB, 
BGR) reported values closer to actual data (2 – 4 MPa at early times and 3-4 MPa at the 
end of the measuring period). The analysis presented of the mean and deviatoric 
components of the stress state indicates that the stress increment has a dominant 
isoropic component. The analysis is only approximate since stresses were not recorded 
exactly at the same point.  
    Measured displacements are a consequence of the temperature increase. In view of 
the high granite stiffness the recorded displacements between an anchored point within 
the boring SI-1 at a radial distance of 8.03 m and the tunnel wall is very small (0.1 mm) 
and close to the precision of the measuring system. Most of the teams overestimate this 
value but SKI reported a very good prediction. 
 
 
8.6 Final remarks  
 
    The FEBEX test is one of the few large-scale tests available to gain an integrated 
perspective of the behaviour of current concepts for nuclear waste disposal in crystalline 
rock. The comprehensive instrumentation installed in the rock and in the compacted 
bentonite buffer has yielded vast amounts of data over the past six years. Part of this 
data, the data corresponding to the first three years of heating, has been used to conduct 
a Benchmark exercise to evaluate the capabilities of a number of finite element codes 
developed to handle coupled problems in geological and porous media. This Report 
provides an account of the main results achieved during the performance of the exercise. 
Some selection of the large amount of results has been unavoidable.  
    For the purposes of the organization of the exercise into specific tasks the Benchmark 
was divided into three main parts: A: Rock behaviour during the excavation of the 
FEBEX tunnel, B: Buffer behaviour and C: Rock behaviour during the heating and 
(partial) hydration of the buffer. This distribution has been maintained in the 
organization of the Report.  
    Specific conclusions for each of the mentioned parts have been given before. Only a 
few concluding remarks will be added here: 
− The best predictions of the water inflow into the excavated tunnel are found when 

the hydro geological model is properly calibrated on the basis of other known 
flow measurements in the same area. The particular idealization of the rock mass 
(equivalent porous media, discrete fractures) plays a secondary role 

− The development and dissipation of excess pore water pressures in the vicinity of 
the advancing tunnel (at the time of the FEBEX tunnel excavation) was a clear 
example of hydro-mechanical interaction. It was concluded that the development 
of pore pressures was controlled by the initial stress field state, by the rate of 
excavation and by the permeability and drainage properties of the granite. 
However, the available information on the intensity and direction of principal 
stresses in the area was found inconsistent with the actual measurements. The 
problem posed by this discrepancy was essentially unsettled since a precise 
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determination of the initial stress state in the vicinity of the FEBEX tunnel was 
not available. 

− Predicting the behaviour of the buffer under the combined heating and wetting 
actions requires a fully coupled THM formulation, which incorporates all the 
necessary physical processes controlling the bentonite behaviour. Only a partial 
set of codes could offer the required features. Particularly relevant to predict the 
early stages of heating was the inclusion of phase changes of water and the vapour 
transport. Codes incorporating these features were capable of making good 
predictions. It should be added that the FEBEX in situ test benefits from a 
comprehensive experimental information on compacted bentonite properties 
derived from a large variety of laboratory tests on samples and on small-scale 
hydration and heating cells. 

− It has been shown that the hydration of the bentonite buffer was essentially 
independent of the heterogeneous nature of the rock hydraulic conductivity 
features. This is explained by the fact that the rock matrix permeability is higher 
than the saturated bentonite permeability. Some 3D analyses performed, where the 
heterogeneous permeability features of the rock have been included, tend to 
support also this conclusion. 

− The heating of the rock resulted in a significant increase in rock stresses in the 
vicinity of the FEBEX tunnel. Water pressures remained however essentially 
unchanged. The relatively high rock permeability explains the absence of 
significant pore water pressure transients. Only one of the participating modelling 
teams was capable of achieving a consistent prediction of all the measured 
variables in the rock: temperature, water pressures, rock stresses and radial 
displacements 
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9.  Concluding remarks 
 
    The FEBEX test is one of the few large-scale tests available to gain an integrated 
perspective of the behaviour of current concepts for nuclear waste disposal in crystalline 
rock. The comprehensive instrumentation installed in the rock and in the compacted 
bentonite buffer has yielded vast amounts of data over the past six years. Part of this 
data, the data corresponding to the first three years of heating, has been used to conduct 
a Benchmark exercise to evaluate the capabilities of a number of finite element codes 
developed to handle coupled problems in geological and porous media. This paper 
provides an account of the main results achieved during the performance of the exercise. 
Some selection of the large amount of results has been unavoidable. A description of the 
hypotheses and specific features of the different codes participating is also outside the 
scope of this paper. However, a few companion papers provide a detailed insight into 
some of the models and computer tools participating in the Benchmark. 
    For the purposes of the organization of the exercise into specific tasks the Benchmark 
was divided into three main parts: A: Rock behaviour during the excavation of the 
FEBEX tunnel; B: Buffer behaviour and C: Rock behaviour during the heating and 
(partial) hydration of the buffer. This distribution has been maintained in the paper.  
    A discussion for each of the mentioned parts has been given before. Only a few 
concluding points will be added here: 
    The best predictions of the water inflow into the excavated tunnel are found when the 
hydro geological model is properly calibrated on the basis of other known flow 
measurements in the same area. The particular idealization of the rock mass (equivalent 
porous media, discrete fractures) plays a secondary role. 
    The development and dissipation of excess pore water pressures in the vicinity of the 
advancing tunnel (at the time of the FEBEX tunnel excavation) was a clear example of 
hydro-mechanical interaction. It was concluded that the development of pore pressures 
was controlled by the initial stress field state, by the rate of excavation and by the 
permeability and drainage properties of the granite. However, the available information 
on the intensity and direction of principal stresses in the area was found inconsistent 
with the actual measurements. The problem posed by this discrepancy was essentially 
unsettled since a precise determination of the initial stress state in the vicinity of the 
FEBEX tunnel was not available. 
    Predicting the behaviour of the buffer under the combined heating and wetting 
actions requires a fully coupled THM formulation, which incorporates all the necessary 
physical processes controlling the bentonite behaviour. Only a partial set of codes could 
offer the required features. Particularly relevant to predict the early stages of heating 
was the inclusion of phase changes of water and of vapour transport. Codes 
incorporating these features were capable of making good predictions. It should be 
added that the FEBEX in situ test benefits from a comprehensive experimental 
information on compacted bentonite properties derived from a large variety of 
laboratory tests on samples and on small-scale hydration and heating cells. 
    It has been shown that the hydration of the bentonite buffer was essentially 
independent of the heterogeneous nature of the rock hydraulic conductivity features. 
This is explained by the fact that the rock matrix permeability is higher than the 
saturated bentonite permeability. Some 3D analyses performed, where the 
heterogeneous permeability features of the rock have been included, tend to support also 
this conclusion. 
    The heating of the rock resulted in a significant increase in rock stresses in the 
vicinity of the FEBEX tunnel. Water pressures remained however essentially 
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unchanged. The relatively high rock permeability explains the absence of significant 
pore water pressure transients. Only one of the participating modelling teams was 
capable of achieving a consistent prediction of all the measured variables in the rock: 
temperature, water pressures, rock stresses and radial displacements. 
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